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ABSTRACT
A series of mono and bis-benzimidazoliums were evaluated both experimentally and
computationally as potential polypseudorotaxane axles. Their aggregation and optical
behavior, along with the dependence of their supramolecular assembly with dibenzyl-24crown-8 macrocycles on the protonation state of the axles, was studied through the
synergistic application of 1D/2D and diffusion ordered NMR spectroscopy, UV Visible &
Fluorescence spectroscopy, and advanced DFT and TD-DFT analysis. Behavior was
measured and modeled as a function of protonation state, solvent, and concentration. The
axles show solvochromaticism and a very pronounced concentration-dependent optical
profile. All data supports that the complex adopts a more compact, stable conformation than
the free axle. By utilizing the axle with multiple recognition sites, it was possible to form
pseudorotaxanes with tunable optical behavior.
Chapter 1 outlines an introduction into both the topics of mechanically interlocked
molecules and their relationship to supramolecular chemistry as a whole, as well as the
overview of benzimidazole based skeletons’ optical behaviors.
Chapter 2 outlines the development of benzimidazole/benzimidazolium based
dimeric/oligomeric and polymeric skeletons and their aggregation induced emission behavior
plus the potential usage as supramolecular guest and self-immolative oligomer/polymer.
Chapter 3 describes all the experimental data. This includes the synthetic procedures
involved in the preparation of an extensive series of starting materials and synthetic
intermediates as well as the preparation and testing of pseudorotaxanes and self-immolative
oligomer/polymer.
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Chapter1. Benzimidazole-based self-immolative oligomeric/polymeric skeletons and their
potential application for constructing molecular tubes
1.1 Mechanically interlocked supramolecules and molecular tubes
Introduction to supramolecular chemistry
For decades, supramolecular chemistry has drawn significant attention as a
multidisciplinary field which required participation from many branches of chemistry. In the
beginning, people employed computational modeling as the pathfinder for understanding
complex behavior and designing novel complex systems.1 To synthesize the precursors of
supramolecules, the methodologies and strategies of both organic and inorganic chemistry
were employed. Physical chemistry techniques have been used to understand the properties
of the complexed systems. Biological chemists have probed the similarity between
supramolecular chemistry and biology systems which encouraged more and more people to
mimic biology interactions with supramolecular complexes. Thus, supramolecular chemistry
exists at the intersection these disciplines.
Supramolecular chemistry can be broadly divided into two categories, host-guest
chemistry and self-assembly. In terms of host-guest chemistry, a host molecule with a
suitably-sized binding pocket is built covalently, which can then be occupied by the
appropriate guest molecule. Self-assembly is another different system which the size and
shape are insufficient for distinguishing between host and guest. To build these larger
assemblies, small molecule building blocks (either single or multiple compounds) can
assemble together through non-covalent interactions.
As described by Nobel Laureate Jean-Marie Lehn, supramolecular chemistry is
“chemistry beyond the molecule”,1 and the construction of supramolecular systems highly
1

relies upon non-covalent bonding interactions between each subunits or components.2 The
combination of supramolecular synthesis with traditional covalent synthetic strategies has
allowed researchers develop the mechanically interlocked molecules.
Mechanically interlocked molecules (MIMs)
Mechanically interlocked molecules, or MIMs for short, normally refer to the
assemblies which hold different molecules together only mechanically, with no chemical
bond involved.3 Catenanes and rotaxanes are the most discussed MIM examples (Figure
1.1).

Figure 1.1 Structural diagram of catenanes and rotaxane.

The names for these two classic host-guest assemblies were established by Gottferied
Schill in 1971.4 Since then, the family of MIMs grown up by numerous supramolecular
chemists. Well-designed supramolecular complexes have been employed in some new
applications like molecular switches, drug delivery tools, and many others.5
1.1.2.1

Mechanical bond
Linus Pauling’s 1939 monograph on “The Nature of the Chemical Bond” divided

chemical bonds into three categories: electrostatic bonds, covalent bonds, and metallic
bonds. 6 A few decades later, Schill added an entirely new class, the mechanical bond.7 This
envisions the entanglements in space between two or more molecular entities which hold
2

them all together and prevent them from falling apart.8 The definition of the mechanical
bonds is a “grey area”, especially when compared with other bonds. On the one hand, these
bonds are stable within the complex; on the other hand, their strength are only as strong as
the weakest individual participating chemical bond. The cleavage of a covalent bond
inevitably leads to breaking the mechanical bond and dissociation of whole complex system.
The strength of the bond is not dependent on the bond itself, which is unique.
Molecules containing one or more mechanical bonds are referred to as
mechanomolecules. The two best-known classes of mechanomolecules are catenanes and
rotaxanes (Figure 1.1). As discussed above, the catenanes and rotaxanes are also classed as
MIMs; however, not all MIMs necessarily possess mechanical bonds since some of them do
not contain distinguishable components.
1.1.2.2

Rotaxanes, pseudorotaxanes, and polypseudorotaxanes
A rotaxane, which is a combination of rota (wheel) and axis (axle) in Latin,

represents an assembly containing at least one macrocyclic component (wheel) with at least
one linear component (axle). (Figure 1.2) 4

Figure 1.2 Structural diagram of a [2]rotaxane which containing axle (deep blue rod), wheel (red cycle), recognition site
(orange block) and two bulky end groups (blue balls).

In terms of host-guest chemistry, the bead-like wheel normally acts as host and
thread-like axle (with the end groups, giving a dumbbell-like species) is the guest. A
3

rotaxane requires the guest to interpenetrate through the host cavity and form a stable
assembly by non-covalent interactions such as hydrogen bonds and π-π stacking. These
species are then capped with bulky end groups at the end of the axle to yield rotaxanes,
which are both interpenetrated and mechanically interlocked. Energy wise, the dissociation
between each component requires high activation energy to either cleave the bonds between
host and guest, or covalent bonds between bulky stoppers and axle. Complexes which are
held by both covalent and mechanical bonds, such as rotaxanes, are stable under ambient
conditions.9
Pseudorotaxanes have a similar architecture to rotaxanes but lack the capping bulky
groups at the two ends; they are not therefore mechanomolecules. If the complex contains
only one stopper, it is a semi-rotaxane (Figure 1.3). Polypseudorotaxanes denote polymers
that contain pseudorotaxanes as the repeating units. It is constructed by the appropriate
incorporation of pseudorotaxane units into polymer backbone or side chains.

Figure 1.3 Cartoon representations of semi-rotaxane, pseudorotaxane, and polypseudorotaxane.

Without the protection of the “stoppers”, pseudorotaxanes and polypseudorotaxanes
are less stable than rotaxanes since they are not interlocked complexes and the activation
energy for dissociation is comparatively lower than rotaxane species.10 Considering the
entropic effect, the free species are more favored than the pseudorotaxane complexes. The
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activation barrier of threading motion decreases significantly which leads to an equilibrium
between complexes and constituent components.
A few different strategies can be identified for the construction of
rotaxanes/pseudorotaxanes as shown in Figure 1.4.11 Considering the size complementarity
between stoppers and macrocycles, when stoppers are smaller than the cavity size of the
macrocycles the threading approach is an easier synthetic route; otherwise snapping, clipping
and capping strategies can be used instead. For the threading approach (Figure 1.4.a),
macrocycles and dumbbells are synthesized separately and then add one to another; the
cyclic molecules can overcome the energy barrier and slip over the bulky stoppers in the
presence of external energy sources such as elevated temperatures. The capping approach
(Figure 1.4.b) is different. The pseudorotaxane species will form first by the wheel threading
onto the uncapped axle and this is then converted to the rotaxane by capping with bulky
groups at the ends. Snapping (Figure 1.4.c) follows a similar strategy to capping, in which a
semi-rotaxane is generated first upon a partial axle and the second stopper is introduced by
completion of the axle. Finally, when a linear precursor is macrocyclized around an axle
guest it is called clipping (Figure 1.4.d). Supramolecular chemists will choose the most
suitable synthetic strategy depending upon the system under investigation.
Careful choice of each building block is always the first step toward a successful
synthesis of host-guest assemblies. Commercially available Dibenzo-24-crown-8 (DB24C8)
is a popular macrocycle which has been frequently used as a supramolecular host. It has been
used to form stable rotaxane/pseudorotaxane assemblies with a number of recognition sites10,
12-15

; of particular relevance to this thesis is the interaction of this macrocycle with

benzimidazole moieties.
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Figure 1.4 Schematic diagram showing: a) threading method, b) capping method, c) snapping method and d) clipping method,
which consists axle (deep blue rod), wheel (red ring),recognition site (orange block) and two bulky end groups (blue balls)

1.1.2.3

Multiple interactions between benzimidazolium axles and Dibenzo-24-Crown-8
Supramolecular complexes are organized entities that brought two or more chemical

species together by designed highly directional intermolecular interactions.16 The
interactions between the host and the guest are structure-specific with high selectivity. Since
the synthesis of macrocyclic components is typically more challenging than the synthesis of
linear species (because of entropic effects), supramolecular chemists often prefer to choose
commercially available macrocycles for their studies. Of the commercially available
macrocycles, DB24C8 (Figure 1.5) is easy to handle and possesses multiple oxygen atoms to
act as hydrogen bond acceptors, two electron-rich π-systems for π-π interactions and a
suitable cavity size for different interpenetrating guests.12
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Figure 1.5 Structural diagram of dibenzo-24-crown-8

The Loeb research group had published a series of papers which have employed
benzimidazolium/bis-benzimidazolium based axles as threads and DB24C8 as the wheel.
They had developed a group of molecular shuttles with different geometries and axle length.
(Figure 1.6) 12, 17 By attaching different substituents to the axles, they have selectively built
T-shaped semi-rotaxanes and H-shaped rotaxanes via threading and snapping approaches.
According to the preliminary computational modeling12, the T-shape (which the side chains
are perpendicular to the axle) is the optimal geometry compared to other analogues such as
Y-shaped and non-substituted axles. The rigid angles between the side chains and axle limits
the motion of the wheel over the rod to a large degree. Mechanistically, the protonated
imidazole rings can form strong non-covalent interactions such as N−H···O hydrogen bond,

Figure 1.6 Benzimidazole-based T-shaped pseudorotaxane and H-shape rotaxane.
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C−H···O hydrogen bond and π-π interactions with electron-rich catechol rings within
DB24C8. To obtain more stable assemblies, Loeb converted T-shape semi-rotaxanes to
corresponded H-shape bis-benzimidazolium based rotaxanes by the snapping approach. 18
Since bis-benzimidazolium axles are symmetrical threads, there are multiple recognition sites
and each site has similar binding affinity over DB24C8. In this case, the macrocycle will
shuttle rapidly between each site under ambient conditions. This shuttling motion can be
monitored and evaluated by variable temperature NMR measurements (VT-NMR) since the
rate of shuttle can be slowed down to NMR time scale at low temperature. The shuttling
motion and the influence of axle length over shuttling rates had been well demonstrated
under similar architectures.19
By functionalizing the benzimidazolium axle with different substituents (labeled as
R1 and R2 in Figure 1.7), the strength of non-covalent interactions between host and guest
can be either strengthened or weakened according to the electronic nature of substituents.
Electron-poor groups such as nitro group can enhance the acidity of the hydrogen bond

Figure 1.7 Effect of axle substituents on association constants (Kassoc).
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donors and increase the positive charge of the benzimidazolium rings, which resulted in a
higher binding constant (Kassoc).14 Electron-rich substituents, such as methyl, provide the
opposite effect to the host-guest interaction and the more electron-rich the substituents are,
the weaker the interaction will be. As highlighted in Figure 1.7, nitro substituted axles ([5e]+
and [5i]+) show significantly higher Kassoc over different crown ethers than methyl substitute
axle ([5c]+ and [5j]+). (Figure 1.7)
Stimuli-responsive molecular mobility of pseudorotaxanes
Compared to highly interlocked rotaxanes, pseudorotaxanes show a high degree of
freedom without the protecting stoppers as energy gap between penetrated species and free
components is lower than rotaxane assemblies.

Taking advantage of the dynamic and

reversible formation of non-covalent interactions, the host can move around the guest and
thus can be a good template for synthesizing stimuli-responsive molecules.20 The formation
of the non-covalent bonds will be largely affected by the conditions such as temperature,
solvent polarity, pH, and so on. A better understanding of mobility provides researchers with
more and more opportunities for different stimuli-sensitive supramolecular complexes.
Without the protection of the bulky stopper groups, in pseudorotaxanes the
macrocycle will easily fall off from the rod in solution. The motion through which wheels
come on and off from the thread in solution is called association and dissociation mobility.
This mobility can only be measured for non-interlocked assemblies like pseudorotaxanes.
When the axle has more than one recognition site for binding the macrocycles, shuttling
along the axle chain provides another mode of pseudorotaxane mobility. The measurements
of these mobilities are the most important parameters for evaluating the behavior of
pseudorotaxanes.
9

1.1.3.1

Solvent effects
Most pseudorotaxane chemistry is highly sensitive to the identity and properties of

the solvent, because the relative solvation of the monomers and the complex determine the
thermodynamics of the threading process. The structure and conformational nature of a given
molecules restricts the solubility, narrowing the solvent choice down. Furthermore, the
solvent polarity affects the binding constant between each components to a large degree.21
Some highly polar solvents present as big competitors for the hydrogen bonding which will
shift the association and dissociation equilibrium to free species to a large degree. The
Gutmann donor number (DN) is a Lewis basicity measure which been widely used for
evaluating the electron-donating properties of solvents.22 Solvents with high DN will cause
negative effect on the host-guest binding constant and vice versa when binding is driven by
hydrogen bond or dipole-dipole interactions. Water (DN = 18.0 kcal/mol) has a relatively
high DN so when it is present in the solvent system, the Kassoc will decrease drastically. On
the contrary, hexane (DN = 0.0 kcal/mol), which is far more nonpolar than water, will
enhance the binding constant to a large degree. Based on the trend above, low DN and
nonpolar solvents are the first choice for the hydrogen bond-driven supramolecular
complexes. For example, a series of threading studies between 2,2′-bis(benzimidazolium)
(BBIM) system and DB24C8 were carried out within different solvent mixtures. In CD3CN,
the optimized % threading of compound 1b is 56.5% and the binding constant (Ka) is
1.4×102. Upon the addition of 10% DMSO, the formation of the pseudorotaxane assembly
was greatly restricted (no threading was observed), Figure 1.8.23 However, the solubility of
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Figure 1.8 The threading study of [BBIM]DB24C8 in different solvent systems.

host and guest narrow the choice of solvent down to a large extent, the dilemma between
solubility and polarity always presents as a big challenge for supramolecular chemists.
1.1.3.2

Temperature effects
Temperature affects the formation of pseudorotaxanes not only by altering the

binding constants but also by changing the association/dissociation rate of complex in the
solution. (Figure 1.9)

Figure 1.9 Schematic Diagram Showing Association/ Dissociation.

As mentioned above, the threading approach is a popular method for generating
rotaxanes and especially pseudorotaxanes. Without the protection of bulk stoppering groups,
heat can be the energy source for the dissociation/association motion of pseudorotaxanes.
Rotaxanes have different stories since the interlocked molecules are more kinetically stable
than free species. The association and dissociation process of pseudorotaxanes can be closely
monitored by VT-NMR. As shown in Figure 1.10, while the temperature increased from
11

Figure 1.10 Summary of pseudorotaxane formation at different temperatures: variable temperature experiment.

243K to 323K, Ka decreased from (9.60±0.03) ×102 M-1 to (1.70±0.06) ×102 M-1 which
indicated a faster associate/dissociate process under higher temperature.15

Figure 1.11 a), b) Illustration of shuttling of wheel in [2]rotaxane; c) VT-NMR spectra of [2]rotaxane in CD2Cl2.

The shuttling motion will take place when the axle contains more than one
recognition sites as shown in Figure 1.11 a. 24 In this case, the macrocycle will distribute its
time evenly (continually shuttling) on each site if the binding affinity of those spots are the
same. The shuttling rate increases under high temperature and vice versa. This motion can
also be monitored by VT-NMR. At low temperature, the shuttling of macrocycle between
different stations become lower than the NMR timescale which lead to a nonsymmetrical
12

system with separate sets of signals. As shown in Figure 1.11 c, at 204 K, two seperate
peaks between 11.0-12.0 ppm was observed which indicated an uneven localization of the
macrocycle over the rod.12
1.1.3.3

Counter-ion effects
The counter-ion of the benzimidazolium-based axle threads can play a really

important role in the construction of the rotaxane/pseudorotaxane.25 In 2001, Arturo Arduini,
Giovanna Giorgi, and co-workers were able to extract the association constant (labeled as Kas
in Figure 1.12) of the calixarene derivatives (host) and tetramethylammonium salts
(Me4N+X−, guest) complex with different counterions and compare the counter-ion effects
for the first time as shown in Figure 1.12. 26 First, with the careful choice of counter-ions,
the solubility of the salts can be increased in more non-polar solvents, which greatly assists
in opening up new options for solvent choice. The solubility-increasing trend is different for
each salt and this is highly dependent on a number of factors, including the intrinsic
solubility of the un-ionized species, pKa, pH and so on.27 Besides solubility, counter-ions
will also participate in the recognition process by interacting directly with both the receptors
and the cations in the host-guest complexes. Alternatively, the strength of the counter-ionmolecule interaction can either facilitate or complicate self-assembly depending on how easy
it can be displaced. Some ions can participate in the formation of hydrogen bonds and πcation interactions and enhance the binding affinity to some extent. Moreover, they can serve
as centers for pre-organizing axles to more suitable conformation which will lead to a better
threading.28 However, the presence of counter-ions may inhibit host-guest association.
Organic compounds undergo self-aggregation in solution and the salt formation may also
lead to aggregation. The aggregation behavior of guest salts will inhibit the formation of
13

host-guest complexes since the binding affinities between each component are less sufficient
to break down the aggregation species. Moreover, when the counter-ion binding is too
strong, the charge on the axle will decrease because of the extensive electrostatic interaction
and cause negative effect for host-guest recognition process.

Figure 1.12 Association Constants Kas for 1:1 Complexes Measured in CDCl3 of the Tetramethylammonium Salts
Me4N+X− with hosts.

All in all, a careful choice of solvent, reaction conditions and counter-ion are very
important for achieving desired host-guest assemblies.
Polypseudorotaxanes and molecular-tubes
The construction of molecular architectures by self-assembly or self-organization is
an attractive topic for not only supramolecular chemists, but also for material scientists.29
The applications of traditional nanomaterials such as carbon nanotubes are greatly hampered
because of the poor synthetic yield, limited scale, and inevitable imperfection. More
importantly, the selective functionalization of traditional nanotubes is still challenging. 30
Molecular tubes (MT) generated from organic monomers is a promising solution for these
limitations.
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Cyclodextrins (CDs) are a class of cyclic oligosaccharides with six to eight D-glucose
units linked by α-1,4-glucose bonds units.31 First reported in 1993, the first MT based on
cross-linking CDs in a polyrotaxane architecture as shown in Figure 1.13.32 In this work,
commercially available poly(ethylene glycol) (PEG) diamine was used as the
polypseudorotaxane guest and the CDs were threaded on the polymer chain in near
stoichiometric levels where every two ethylene glycol units were occupied with one CD ring;
this was then capped using a large excess of 1-fluoro-2,4-dinitrobenzene. The CDs were
closely packed from end-to-end on the polymer chain and neighboring CD rings were crosslinked using epichlorohydrin to form the MTs. The addition of strong base (NaOH) cleaved
the bulky end-groups from the axle and dethreading resulted in the release of the MTs as the
final product. This approach was exclusively used for constructing different CD-based MTs.
33

However, there remains some limitations for this method which highly restricts its application to

other polyrotaxane/polypseudorotaxane skeletons besides CDs and PEG.

Figure 1.13 Preparation of MT from polypseudorotaxane.
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To construct diverse MTs using a similar strategy, researchers need to solve the
dilemma between binding affinity and disassembly process. The construction of an evenly
loaded polypseudorotaxane requires a high binding affinity between targeted axles and
macrocycles. However, if the host-guest affinity is too high, the disassembly process after
cross-linking will be greatly hampered.
To address this affinity paradox and achieve longer molecular tubes, self-immolative
polymers (SIP) which undergo controllable depolymerization in response to the external
stimulus, could be potentially used as the axles for polypseudorotaxanes with appropriate
macrocycles. After the cross-linking step, the axles can be easily removed by the application
of an external stimulus that causes depolymerization unit-by-unit to small molecules. Once
the threaded polymers are completely depolymerized, a hollow molecular tube with multiple
functionalization sites and remarkable length could be generated.
1.2 Self-immolative polymers
Introduction of self-immolative polymers
The development of stimuli-responsive polymers had drawn significant interest for a
wide range of applications such as drug delivery and probe development. The traditional
stimuli-responsive polymer can respond to stimuli via several established mechanisms. First,

Figure 1.14 Schematic representation of three mechanisms for stimuli-responsive polymer, (a) Change the charge
state, solubility, or conformation of the polymer backbone or pendant groups; (b) Cleavage of the pendant functional
groups; (c) Cleavage of the polymer backbone.
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applying the stimulus can change the chemical nature such as charge state, solubility, or
conformation of the polymer.34 (Figure 1.15.a) Second, upon the exposure to stimuli, the
pendent functional groups along the polymer backbone will cleave. (Figure 1.15.b) The last
mechanism is different from the previous two, in which a stimulus can trigger the cleavage
of the whole polymer backbone to small molecules.35 (Figure 1.15.c) Based on the structural
properties of traditional stimuli-responsive polymers, the cleavage of the pendant groups or
polymer backbones normally require multiple stimuli under well-controlled conditions. In
real applications, the chemical environmental conditions are more stable, and the
concentrations of different stimulus are much lower than the laboratory level. At this stage,
the development of response-amplifing materials is of great interest. SIPs provide a solution
for this puzzle.
In 2003, the first self-immolative dendrimer (SIDs) was published as the original form
of stimuli amplified molecules.36 SIDs are constructed with self-immolative linkers, triggers
(end-cap), and a functional head group (reporters/drugs). (Figure 1.16.a) Upon cleavage or
activation of the triggers, the branched self-immolative linkers will cleave spontaneously and
release the reporter groups at the end of each branch. Since the SID concept was first
published many self-immolative spacers and sensitive terminal end-caps have been
developed. However, the stepwise synthesis and steric hindrance at branches limit the

Figure 1.15 Schematic representation of degradation mechanisms for self-immolative (a) dendrimer which contained
end-cap (blue block), self-immolative linker (yellow rod and orange ball),joint (brown ball) and reporter/drug (pink
hexagon) (b) polymer.
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development of SIDs significantly.37 To address these deficiencies, the one-step
polymerization reaction of linear SIPs was introduced by Shabat in 2008 as an alternative to
SIDs. SIPs have a similar conceptual design as SIDs. (Figure 1.16.b) The cleavage or
activation of the trigger groups (end-caps) can initiate sequences of well-defined reactions
over the whole polymer chain and result in complete depolymerization.
Until now SIPs have already shown satisfactory characteristics for various applications
including sensory materials for detecting various chemicals, drug delivery tools, self-healing
materials, and lithographic materials.
Controlled triggers
Stimuli-responsive polymers are a class of polymers that can change their phase,
morphology or self-assembly in response to small external changes in the environment.37
These changes can be either physical or chemical according to the properties of the structure.
Since they can “respond” to changes, they have also been referred to as smart polymers. SIPs
are one of the members of this big family which have received significant attention over the
past decade. Depending on the position of the reporting groups, we can roughly divide
stimuli-responsive SIPs into three categories: end-cap cleavage, random chain cleavage, and
pendent functional group cleavage. SIP chemists have already built a big library of end-caps
which respond to sample stimuli or multi stimulus. Different end-caps will cleave under their
designed conditions to initiate the head-to-tail or end-to-end depolymerization in a sequence
order. Random chain cleavage normally happens to SIPs in which the polymer chains are
sensitive to some specific triggers. Depolymerization will initiate at a random site on the
polymer chain and lead to a complete depolymerization in the end. By introducing the endcaps to this class of SIPs, researchers developed novel end-to-end depolymerized SIPs with
18

shorter depolymerization period. If the responsive end-caps are attached to the polymer
chains as pendent functional groups, the depolymerization process will be further shortened.
Synthesis-wise, the pendant functional groups are initially attached to the self-immolative
monomers and follow with polymerization and end-capping.38 This approach enables people
to access polymers with detection units on each repeating unit which also been described as
side-chain immolative polymers (ScIPs) in literature. 39
The fundamental concept of SIPs is that the whole polymer chain will undergo a
domino-liked depolymerization process in response to the cleavage of their backbones, side
chains, or end-caps. The “amplified” response over various triggering stimuli such as pH,
temperature, and enzyme, can be one of the methods to classify SIPs.40 Designing SIPs in
response to different stimuli enables chemists to address various potential applications.
When using these systems for drug delivery, changing the pH can be a potential
trigger for releasing the drug. For instance, inside the human body, tumors and inflammatory
tissues have a mildly acidic pH condition (pH~6.8) and the pH of endosomal and lysosomal
inside the cells are around 5-6.34, 41 In order to target the pH level for different organisms,
end-caps which respond to acidic/basic conditions have been designed and tested
accordingly. Weakly acidic or basic groups that can accept or release protons in response to
the changing of the alternative pH can be potentially used. The use of pH-sensitive end-caps
were first demonstrated with SIDs. By attaching them as the triggering groups on the core of
the dendrons, SIDs undergo a domino-like disassembly process in response to pH variation
and result in the releasing of the reporters/drugs. Inspired by the design of the SIDs, SIPs
with similar pH-sensitive groups were developed and further extended. (Table 1.1)

19

Carbamates are commonly used as protecting groups for amines and can likewise
be used in endcaps for amine-terminated polymers.42 Boc43, 44-48 and Fmoc47-49 protecting
groups are the most utilized end-caps and can trigger the depolymerization in response to
acidic or basic conditions.50 These functional groups are ideal for use as endcaps as the
installation/removal chemistry is typically very high yielding and use reagents that are cheap
and easily approached.
Table 1.1 pH-Sensitive end-caps and pH-sensitive SIPs.

End-cap

Polymer

Reference

46, 47

43, 48

48

49

49, 51
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52

53

Boc is a classic acidic sensitive end-cap which can be easily removed by the addition
of acids such as TFA. The first Boc-protected SIPs were 4-aminobenzyl alcohol
polycarbamate derivates.47 This kind of polymer will degrade by a 1,6-elimination reaction
coupled with decarboxylation to form iminoquinone methide intermediates. The chain length
of the linear polymer backbone affects the degradation time greatly, with the longer
polymers taking more time to complete the depolymerization process than shorter
polymers.46 The Boc-protected SIPs have also been used for functionalizing carbon
nanotubes, microcapsules, and nanocarriers to afford pH-sensitive nanomaterials.48, 54
Fmoc groups can be removed by basic reagents, most commonly piperidine. The
efficiency of Fmoc end-cap had been tested with poly benzyl carbamate derivatives48 and
poly(benzyl ethers)49. With the presence of basic species, researchers detected a significant
molecular weight decrease which represented an efficient triggering depolymerization
process.
A single hydrogen atom can also act as a base sensitive end-cap. Poly(benzyl ethers)
which terminated with hydrogen atoms can be depolymerized into monomers in response to
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the base like 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) at room temperature within 3
hours.49, 51
Poly(ethyl glyoxylate) (PEtG) is well established as a SIP. 52 Since it is an easy to
handle polymer, a lot of research has been conducted using PEtG as the polymer backbone.
The use of monomethoxytrityl chloride and dimethoxyltrityl chloride as end-capping
reagents led to PEtG-MMT and PEtG-DMT, respectively. These SIPs depolymerized rapidly
under mildly acidic to neutral conditions (pH 5-7).52 Moreover, phenyl isocyanate can be
used as an end-capping reagent with PEtG to yield a phenyl carbamate end-cap that can be
completely removed under moderately acidic conditions as well.53
Besides pH sensitive end-caps, other categories such as photo-sensitive, 49, 52, 55-57, 58,
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enzyme sensitive,37, 50, 59, 60, 61, 62 and redox sensitive38, 39, 45, 52, 56, 58, 63, 64, 65, 66 end-caps have

also been well developed and exploited since 2008. Moreover, considering the sophisticated
chemical environment inside living organisms, some literature has also reported end-caps
with multi-responsiveness52, 58, 64, 67 and dual gated responsiveness67. SIPs which can be
depolymerized by more than one type of stimulus are called multi-responsive SIPs; in
contrast, SIPs which require more than one source of stimulus to trigger the
depolymerization are named as dual gated SIP. SIP scientists will choose end-caps according
to their intended applications.
Self-immolative triggers
There are four main mechanistic categories for self-immolative backbone
depolymerization after the cleavage of end-caps: (i) form unstable quinone or azaquinone
methide species via elimination reaction; (ii) cyclization reaction; (iii) combination of (i) and
(ii); (iv) acetal chemistry.
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In 2008, Shabat and co-workers developed the first SIP which used 4-aminobenzyl
alcohol as repeating units (monomers).62 Once the aniline nitrogen has been incorporated
into electron-donating groups like carbamate, it cannot undergo an elimination reaction (and
thus is stable under ambient conditions). However, upon the cleavage of the end-cap, the
electron-donating aniline initiates the 1,6-elimination reaction and generates the azaquinone
methide intermediate and CO2, as shown in Figure 1.17. 68 Aromatic structures bearing
amino, hydroxy, and thiol groups can initiate the cascade depolymerization by 1,4elimination, 1,6-elimination, and 1,8-elimination reactions. The electron delocalization

Figure 1.16 Cascade depolymerization via 1,6-elimination reaction.

events during the elimination process are both spontaneous and irreversible since the
elimination is mainly driven by the positive entropy and the formation of stable products like
CO2 pushes the reaction forward to completion. Most SIP backbones were initially
developed as self-immolative linkers and they had been widely used for some drug delivery
purposes. Before the self-immolative linker extended to become SIPs, their degradation
mechanisms had already been well demonstrated. As shown in Figure 1.18, the most
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reported spacers rely on 1,4- or 1,6-elimination mechanisms for releasing the leaving group
(LG). 69 1,8-elimination is possible for para-aminostyrenyl or coumarinyl alcohol spacers.

Figure 1.17 1,4-, 1,6- and 1,8-elimination self-immolative spacers.

However, the quinone methide intermediates produced during the elimination
reaction are potentially highly toxic, which limits their applications within living organisms
to a large extent.70 The development of cyclization depolymerization based SIPs provided a
solution to this problem. The first linear SIP which degraded purely via cyclization was
reported by the Gillies group in 2010.66 2-mercaptoethanol derivatives had been previously
reported as an efficient self-immolative linker. By extending these derivatives into polymers
and capping with triggerable end-caps, Gillies and co-workers turned them into cyclizationdegraded SIPs. (Figure 1.19)

Figure 1.18 Cyclization depolymerization of 2-mercaptoethanol based SIP.
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It is possible to introduce spacers which undergo cyclization reactions in alternation
with elimination reactions to yield SIPs. The elimination reactions were found to happen
much faster than the cyclization reactions. Comparing the pure elimination spacers with the
pure cyclization spacers, the cyclization reactions show slower kinetics and depolymerize
over a few days, whereas the eliminations are complete within a few minutes. To access
broader degradation rates, the combination of both was first demonstrated by the Gillies
group in 2009.45-47, 71 (Figure 1.20) Later, this mechanism had been extensively used with
different end-caps.

Figure 1.19 Depolymerization via cyclization and elimination.

The decomposition of polyacetals is another degradation mechanism which mainly
happens within poly(phthalaldehyde) derivatives. Poly(phthalaldehyde) analogues are
stabilized by different end-capping groups. Upon the removal of the end-caps, the resultant

Figure 1.20 Poly(phthalaldehyde) based SIP and depolymerization mechanism.
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hemiacetal-terminated polymers will depolymerize rapidly to release benzene
1,2-dicarboxaldehyde eventually.55, 65 (Figure 1.21)
SIPs as active templates for constructing molecular tubes
In the field of polymer science, the conformation of a polymer chain is one of the
most important topics for improving the properties of polymer materials. Successful control
of the polymer conformation in the supramolecular complexation of DNA and proteins
suggests that the molecular recognition of synthetic polymers is a promising area of
investigation, which has been scarcely investigated. 72
The above-mentioned SIPs all have potential applications in fields such as drug
delivery and biological sensors. However, the usage of SIPs as degradable active templates
has never been discussed in the literature. There are two main concerns for designing SIPs as
active templates. First, these well-designed polymer skeletons should include strong
recognition sites in their monomers which can bind properly with crown-ether based
macrocycles. According to previous studies, ammonium functionalities have shown
outstanding association abilities with different crown ethers as mentioned above in the
pseudorotaxane discussion, so they can be one of the candidates. However, the
nucleophilicity of ammonium functionalities lead to a second concern. Strongly nucleophilic
groups may initiate the undesired depolymerization which make them incompatible for most
self-immolative systems, as many rely on the presence of electrophilic moieties like
carbonates, esters, and carbamates for realizing their mechanism of depolymerization.
Benzimidazole can be a suitable alternative for addressing these concerns. 73 Structurally, it
contained two nitrogen atoms at the 1- and 3-positions whose protonated salts have high
binding affinities with different crown ethers, as discussed above. 74 Meanwhile, the
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nucleophilicity of benzimidazoles is approximately six orders of magnitude lower than
secondary amines which is insufficient for initiating spontaneous depolymerization. 75
All in all, benzimidazole-based SIPs can be potentially used as the active templates
for constructing polypseudorotaxanes/polyrotaxanes with different crown-ethers. The
protonated benzimidazoliums can form various non-covalent interactions with the crownethers such as N−H···O hydrogen bond, C−H···O interactions and π-π stacking with the
electron-rich catechol ring. After the formation of polypseudorotaxanes/polyrotaxanes,
neighboring crown-ethers could be cross-linked by covalent bonds to generate polymetric
nano-rods. Upon the removal of the end-cap, the benzimidazole based SIPs will undergo
unit-by-unit depolymerization and release the hollow molecular tubes.
1.3 The unique physical and optical properties of benzimidazole scaffold
Introduction of benzimidazole
Benzimidazole, also been known as azindole, benzoglyoxaline, 3-benzodiazole and
3-azaindole.76, 77 It contains nitrogen atoms at the 1,3-position as shown in Figure 1.22.

Figure 1.21 The structure of benzimidazole.

Benzimidazole is a heterocyclic aromatic organic compound that plays an important role in
medications due to its synthetic reactivity and multiple sites available for binding with
various bioactive receptors. Nonfunctionalized benzimidazole is a white crystalline solid that
melts at 170-172°C. Due to their unique structures and electronic aspects, benzimidazole
moieties have attracted the attention of the chemical community since the exploration of the
27

presence of the 5,6-dimethylbenzimidazole moiety in the chemical structure of vitamin B1276.
(Figure 1.23)

Figure 1.22 Structure of Vitamin B12 and Hoechst 33258.

The tunability of heterocyclic chromophores continuously advances as new molecular
scaffolds are added to the synthetic toolbox, which in turn drives the development of
materials and devices with ever improved performance or unprecedented function.78, 79
Benzimidazole is a privileged motif, especially for incorporation into optical chemical
sensors for both solid, and solution-state applications,80, 81 exemplified by biocompatible bisbenzimidazole fluorescent Hoechst 33258 in living organisms (Figure 1.23).82
Chromophores containing heteroaromatic rings as their structural conjugated charge
transfer chain, stand out as strong acceptors for organic nonlinear optical (NLO) materials.
These take advantage of their highly optical nonlinearity and outstanding thermal stability.83
They are widely considered the most promising candidates for many electro-optic and
photonic devices.84 By involving heterocyclic structures in chromophores, the non-linearity
increases significantly, however, the transparency decrease at the same time. To address the
“transparency-nonlinearity trade-off”, benzimidazole moieties have attracted attention due to
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their good transparency, satisfactory thermal stability, and convenient synthesis.78 Within the
chromophores, the benzimidazole moieties can act as good electron acceptors and highly πconjugated structural bridges. Moreover, the pH sensitivity/switching85, ion chelating
properties86, sutitable bandgap energy and compatibility with biomolecules has made
benzimidazole derivatives attractive targets for a wide range of applications such as
optoelectronics87, photovoltaics88, 89 , solvatochromic probes90, photocatalysts91, corrosion
inhabitors92, 93, and molecular recognition94, 95. (Figure 1.24)

Figure 1.23 Examples of benzimidazole derivatives in different applications.

Organic fluorescent materials had drawn great attention because of their potential
application in multiple areas such as organic light emitting diodes (OLEDs) and fluorescent
sensors.80 Conventional fluorophores always been limited to dilute solution since the
aggregation behavior in high concentration or poor solvent would quench the optical
behavior which so-called aggregation-caused quenching (ACQ) effects.96 In 1955, Förster
and Kasper first found out the fluorescence of pyrene was weakened with an increase in its
concentration.97 Later on, it was recognized that many aromatic compounds showed a similar
phenomenon to pyrene.98 Aromatic fluorophores, especially disc-shaped fluorophores,
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undergo strong π-π stacking interaction with neighboring aromatic rings, which results in
quenching.99 This ACQ effect limits the practical application of most aromatic fluorophores
to a large degree. Many efforts have been made to prevent the aggregates from forming, such
as the introduction of bulk functional groups to the luminophore and so on. In 2001, the Tang
group first discovered an abnormal phenomenon.100 Unlike the universal fluorophores which
shown string fluorescence under high concentration, some fluorophores showed intense
fluorescence under highly aggregated state which was so-called aggregation-induced
emission (AIE) or aggregation-enhance emission (AEE).101 These AIE scaffolds provide a
solution for the problematic ACQ fluorophores. According to the mechanistic research, the
main reason for the AIE effect is the restriction of intramolecular rotation (RIR) of the
aromatic system around the π-system core in a highly aggregated state.102 As shown in
Figure 1.25, the formation of a covalent bond between benzimidazole and aromatic rings
introduces RIR to the molecule.80, 103 When the molecules are in a highly aggregated state,
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Figure 1.24 Formation of covalent bonds between the rotors.

the intermolecular rotations are greatly hampered due to limited space.86 In another word, the
presence of the aromatic rotor in the molecule is a characteristic of AIE molecules.104
Excited state intermolecular proton transfer (ESIPT) is a photochemical process in
which the proton would transfer from a proton donor to an acceptor under the excited state. It
is a four-level photo-cycled process between the enol (E) and keto (K) photo-tautomer.81
(Figure 1.26) 2-(2′-Hydroxyphenyl)benzimidazole (HPBI) is a typical example that
produces two different emissions, one of which is the excited state enol-emission (E*), and
the other one is the excited state keto-emission (K*). The enol conformation experiences
ESIPT in response to photoexcitation and shows a keto emission, K*(S1). The keto
conformer cannot undergo the ESIPT process, instead, it will experience a ground state
intermolecular proton transfer (GSIPT) and performs only enol emission, E*(S1) (Figure
1.26). 105
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Figure 1.26 Enol-Keto tautomerism diagram of 2-(2'-Hydroxyphenyl) benzimidazole (HBI) and four levels ESIP
process among excitation.

Besides the outstanding aggregation behavior, benzimidazole units can also serve as
electron-accepting or electron-withdrawing groups and can form donor-π-acceptor system
within molecules.85 The planar structures and conjugated bonds of the benzimidazole

Figure 1.25 L-shape fluorophores which undergoes ICT mechanism.

scaffolds also match pretty well with the requirement of forming intramolecular charge
transfer mechanisms (ICT). In most cases, the charge transfer of the ICT systems
accomplishes by linking benzimidazole derivatives with some other conjugated systems. As
shown in Figure 1.27, the L-shape fluorophores have the highest energy occupied molecular
orbital (HOMO) and the lowest energy unoccupied molecular orbital (LUMO) located at the
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two different ends of the molecule. This kind of architecture shows an outstanding optical
signal switch when coupled with various ions such as F−, Cl− and NO3−.106 Most of the ICTAIE molecules show similar HOMO/LUMO localization behavior. The electron density of
the HOMO mainly localize at electron donor sides and most of the LUMO density is placed
around electron acceptor ends.88, 89, 107
The emergence of AIE fluorophores provides great chances to design a wide variety of
novel “signal on” probes. In these systems, the fluorescence intensities are weak when the
probes are fully dissolved and strong when they are aggregated. In recent years, fluorescent
materials with AIE properties have drawn extensive attention and the relationship between
aggregation and surrounding environmental changes such as pH and solvent had been widely
discussed. Varying pH circumstances can affect the photoinduced electron transfer systems
and alter the photophysical behavior of both ESIPT-AIE and CIT-AIE molecules.108
Moreover, solvent polarity can also affect the aggregation behavior to a large degree since
the polar solvents tend to form stronger interactions with solute than non-polar solvents.
pH responsive aggregation
pH is a standard scale for evaluating the acidity or basicity of a solution. The solutions
pH of heterocyclic systems which bearing NH substitutes is a highly neglected measurement
parameter which influences the interaction and relative reactivity of different biology
molecules via different mechanisms. The exact evaluation of the pH in different
environments such as cells, tissues, and organisms are big challenges for chemists and
biologists.108 Different novel pH sensors have been well established during the last few
decades and different classes of pH-responsive benzimidazole based (bio)organic sensors
were tested under various pH between 1-12.90, 108, 109
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Figure 1.27 Prototrophic equilibria of BIA and associated species in aqueous solutions.

For example, Steinberg and co-workers discovered the unique AIE properties of
E-2-(2-benzimidazolyl)-3-(4-N,N-dimethylaminophenyl)acrylonitrile (BIA).90, 96 During this
study, researchers discovered the reversible AIE of BIA under various pH environments. The
molecule of BIA has both N,N-dimethylamino group as a strong electron-donating group,
and the benzimidazole group as an electron-accepting moiety. This architecture matches well
with the ITC model as shown in Figure 1.28. At pH of 1.5, 7, and 12, BIA underwent an
aggregation-disaggregation process. Within pH range 1.5-5, the molecule shows a protonated
aggregated form, at pH range of 5-8, it undergoes neutral disaggregated form and at 9-13, it
presents as a deprotonated disaggregated form. The fluorescence spectroscopies have shown
a significant wavelength shift trend under different pH values which further prove the AIE
behavior of BIA molecule in response to various pH conditions.
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Density functional theory (DFT) is a quantum chemistry approach that had been widely
employed to explain different phenomena that are observed in chemical systems. DFT is a
useful tool for revealing the internal mechanism of the photophysical behavior change under
different pH. For example, DFT has been used to analyze the HOMO and LUMO energy
levels of BIMBDP under neutral and protonated conditions.107 (Figure 1.29) According to
the calculations, when neutral the HOMO and LUMO energy level of BODIPY moiety are
located between HOMO and LUMO of benzimidazole so the signal comes from emission
from the LUMO of the BODIPY moiety. However, the protonation of the benzimidazole
moiety decrease its LUMO energy level below that of the LUMO of the BODIPY moiety.
When the compound is excited under acidic conditions, the electron will relax from the
LUMO of BODIPY to the benzimidazole and result in a fluorescence quenching effect. This
DFT calculation observation matches well with the experimental results and provides a
detailed mechanistic explanation for the pH effect on photophysical behavior.

Figure 1.28 Structure of neutral and protonated BIMBDP and the proposed fluorescence and quenching mechanism.

35

Solvent variant aggregation
The solvent will also affect the optical behavior of heterocyclic macromolecular
systems with different polar functional groups. Amongst them, the benzimidazole moieties
have both hydrogen bond acceptors with imidazolyl C=N groups and hydrogen bond donors
with N−H group, and so they are attractive targets to interact with both protic polar and
aprotic polar solvents. Such solvent dependent interactions induce the hypochromic shift,
also known as blue shift, of UV-Vis absorption.110 Upon changing the solvent environment
from polar to non-polar, a bathochromic shift happens due to the weakening or absence of
the interaction between solvents and molecules of interest.
The computational calculations also support this observation. According to timedependent density functional theory (TD-DFT) calculations, the emission value can be
estimated from excited state optimized geometry. For example, the photophysical behavior
of benzimidazole-thiazole based NLOphoric styryl dye (Figure 1.30) has been studied by
both computational calculations and experimental measurements.111 A blue shift was
observed for both emission and absorption when changing the solvent from non-polar to
polar as shown in Figure 1.30 (A-B). TD-DFT calculations were performed with the same
series of solvents and the energy of the HOMO, LUMO, and band-gap were listed as shown
in Figure 1.30 (C). The energy bands between HOMO and LUMO are more significant in
the non-polar solvents than in polar solvent which indicates that the excited state is more
stable in the polar solvent than in non-polar solvent. Moreover, the dipole moments were
also measured under different solvents and the results indicated the excited state was more
polar than the ground state (Figure 1.30 (D)). These measurements further proof the fact that
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excited states are more stable within the polar solvents because of the solvent effects or
hydrogen bond effects.

Figure 1.29 (A-B) absorption and emission spectra of dye in the different solvents, (C) HOMO, LUMO and band-gap calculation
under different solvent, (D) calculated ground state and excited state dipole moment of dye.

Solvents with different polarities such as nonpolar (e.g. hexane), polar aprotic (e.g.
DMSO), and polar protic (e.g. methanol) can interact differently with benzimidazole
derivatives.105, 112 For example, H2O, as a highly polar protic solvent, can alter the
aggregation behavior of heterocyclic molecules to a large degree. To prove the role of water
in the aggregation behavior, people measured the fluorescence emission with a different
fractions of water.80, 38 As shown in Figure 1.31, 46 the absorption wavelength of TPAsubstituted benzimidazole-based Schiff base in pure THF is around 361nm; once diluted to
50% H2O, the absorption peak blue-shifts to 381nm. This shift indicates the state of
aggregation changed during the self-assembly process of the emitting species. This
phenomenon can be explained as follows: THF acts as a good solvent which can completely
dissolve molecules and the intermolecular rotation of the terminal aromatic rings inhibit the
formation of excited species. H2O is a poor solvent; it rigidifies the conformational change of
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Figure 1.30 TPA-substituted benzimidazole-based Schiff base and its fluorescence spectroscopy in water THA
mixture with a different volume fraction of water.

molecules by forming aggregated species. As a result, the relaxation process of excited
species become slower and thus a stronger emission band is seen in the presence of H2O.
In conclusion, benzimidazole based self-immolative polymer axles have a great
potential to be used as the active template for the development of MTs with variable sizes
and functionalities. The construction process of MTs can be closely monitored by simple
physical/optical measurements taking advantage of the unique optical properties of
benzimidazole derivatives in response to the internal/external environmental variation. These
types of materials might also show their own special optical properties that could be
interesting on their own account.
1.4 Scope of the thesis
This thesis involves the synthesis and characterization of two benzimidazole
monomers, one bis-benzimidazole dimer and few benzimidazole based oligomers/polymers.
A detailed experimental and computational investigation of the benzimidazole and
benzimidazolium skeletons’ optical behavior has been accomplished. Previous work related
to benzimidazole derivatives suggests their great potential as solvatochromic probes90 and
molecular recognitions95. Given the base of previous reports, a well-designed bis-
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benzimidazole skeleton with three regenerated recognition sites had been designed and
further studied.
The benzimidazole monomers were initially synthesized separately before
approaching the dimer and its protonated skeletons. Significant effort was directed towards
correctly assigning the protonation state of the dimer by both computational and
experimental methodologies. The optical behavior of benzimidazole and benzimidazolium
derivatives upon changing the protonation state, solvent and concentration had been
thoroughly discussed in this thesis.
In an effort to further develop the benzimidazolium dimer skeletons as
supramolecular guests, two general approaches have been employed and the efficiency of
each was investigated by optical behavior switching, particle size distribution, mass
spectrometry and NMR spectroscopy. The difficulties with the formation of different hostguest assemblies mainly came from solubility issues of the guests and the optimization of the
encapsulation condition provided a solution for the dilemma between solubility and solvent
polarity.
To extend the usage of benzimidazole skeletons as polymeric guests for constructing
polypseudorotaxane assemblies and also demonstrate the usage of benzimidazole
functionality as SIP backbond, the benzimidazole based carbonate monomer was synthesized
with Boc-protection and fellowed with oligomerization/polymerization and end-cap
reactions. Some preliminary pH-sensitive depolymerization studies had been done for
demonstrating the usage of benzimidazole based polymer as self-immolative backbone.
1.5 Goal of this research
•

Synthesis of benzimidazole based bis-, tris-, oligomeric, and polymetric skeletons.
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•

Analysing the optical behavior of benzimidazole derivatives.

•

Characterize the recognition ability of benzimidazolium over crown ethers.

•

Characterize the acid/base-induced depolymerization properties of benzimidazole based
self-immolative polymers.
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Chapter2. Development of benzimidazolium based oligomeric/polymeric axles with
degenerate recognition and unique optical properties.
2.1 Introduction
The unique properties and multifunctional nature of benzimidazole derivatives such
as electron-accepting and π-bridging properties in combination with pH
sensitivity/switching85, ion coordinating properties86, and compatibility with biomolecules
make them an attractive target for a wide range of applications ranging from
optoelectronics87, photovoltaics88, solvatochromic probes90, photocatalysts113, corrosion
inhabitors92, and molecular recognition95 to bioimaging. Furthermore, the pharmacological
properties of substituted benzimidazoles make them good candidates of pharmaceutical
interest. However, the synthesis of benzimidazole derivatives remains a challenge for
synthetic chemists due to their low stability, multistep synthetic routes, and sophisticated
purification processes. This work includes the synthesis of benzimidazole derivatives and the
investigation of their unique fluorescence behavior under highly aggregated state (AIE
behavior) in response to protonation state, counter-ion, solvent system, and concentration.
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2.2 Mood-Beads-On-A-String: Development of benzimidazolium based axles with
pseudodegenerate recognition sites and highly sensitive optical response
Synthesis of benzimidazole monomers
The synthesis of the bis-benzimidazoles first started with the synthesis of the
individual benzimidazole monomers.

Scheme 2.1 Synthetic route toward two benzimidazole monomers (2 and 3).

Commercially available 1,4-benzenedicarboxaldehyde was selectively reduced to
4-(hydroxymethyl)benzaldehyde by NaBH4 and then coupled with 4-nitro-1,2benzenediamine under the catalysis of ZrCl4 to form compound 1 in 70%-75% yield. The
nitro group of 1 was subsequently reduced to the corresponding amine 2 using hydrogen gas
with 10 weight% of wet 10% palladium on carbon (Pd/C) catalyst in 20%-60% yield. 2 is air
sensitive and decomposes during purification and so the isolated yield is lower than the
conversion, which is generally very good. The hydroxyl group of 1 can be replaced by a
chlorine when treated with triphosgene under controlled temperature (reaction mixture was
gradually warmed up from 0 °C to 25 °C) to yield compound 3 in 65%-70% yield (Scheme
2.1). Our initial goal was to make the chloroformate; however, this is possible at very low
temperatures as the electrophilicity of the chloroformate-functionalized benzylic position
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makes it very susceptible to displacement by the chloride. This other product is discussed
below, but with ready access to the chloride, we chose to investigate its chemistry as well.
Benzimidazolium monomers with different counterions
3 can be fully protonated through the addition of 1 equiv. of HBF4·Et2O at 25 °C to
produce [3·H][BF4] in 83%-85% yield (Scheme 2.2). To approach other protonated
skeletons with different counter-ions, 3 could first be protonated by adding 1 equiv. of HCl
and then ion change with NH4PF6 salt to reach [3·H][PF6]. To synthesize [3·H][OTf] the
same procedure as the formation of [3·H][BF4] was used. but change the acid was changed
to TfOH. Multiple by-products formed while 3 was protonated with HCl and TfOH which
resulted in a medium yield of both. Considering the overall purification difficulty and the
limited yield, BF4− was mainly used as the counter-ion for later study. ·

Scheme 2.2 Synthetic scheme for compounds [3·H][X] (X=BF4, PF6 and TfO), and [2·H][X] (X=BF4, PF6, CF3COO, and
CH3COO).

Using the same procedures as for the protonation of 3, 2 was protonated by HBF4 and
HCl/NH4PF6 to yield [2·H][BF4] and [2·H][PF6] respectively. Protonation reaction with
HBF4 was very clean and the yield was satisfactory (92%-95%) as well. When the acid was
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shifted to TFA, [2·H][CF3COO] was isolated in a medium yield respectively. During the
probing of different counter-ion compounds and scale-up, a short cut between nonprotonated and protonated skeletons was discovered. Instead of using Pd/C and hydrogen gas
as reducing agents, 1 can be directly reduced by iron powder under acidic conditions (acetic
acid). This approach is safer to operate and the purification process is easier, and the yield is
much higher. The presence of acetic acid protonated the benzimidazole ring which resulted
in [2·H][CH3COO] as the final product. (Scheme 2.2)
Synthesis toward the bis-benzimidazole and its different protonated states

Scheme 2.3 Synthetic strategies used to access tri-protonated [5·3H][3BF4], and mono-protonated [5·H][ BF4], and
neutral 5 from monomer 3 and 2.

The first attempt for coupling compound 2 with compound 3 under basic conditions
ended up with an incomplete reaction mixture with multiple side-products. One of the
reasons is the poor solubility of both monomers in the THF/MeOH solvent system. To
optimize the reaction yield and minimize the formation of side-products, the chlorine within
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3 was first replaced with a better leaving group, then followed by the coupling reaction with
[2·H][CH3COO]. NaI was used here as an ion replacement reagent using a Finkelstein
reaction. After the chlorine within 3 was replaced by iodine in situ, the solubility and
reactivity increased consequently and the reaction was able to fully proceed in this
homogeneous reaction mixture. The final product 5 features two readily ionizable
chromophores consisting of two phenyl-benzimidazoles separated by an aminomethylene
group. The overall yield is 44%-60% which is significantly higher than the previous attempt.
There are three possible protonation sites within 5 which may lead to multiple
different complete/incomplete protonated products; the determination and isolation of each
protonated skeletons is highly challenging. We hypothesized that by tuning the amount and
timing of HBF4 addition, we could control the degree of protonation of the axle.
Consequently, neutral 5 was treated with HBF4 in acetonitrile at 25 °C using two different
conditions (labeled as I and II, Scheme 2.3) and their conversion to the benzimidazolium
salts was monitored by 1H-NMR spectroscopy, ESI-MS, Ultraviolet-visible (UV-Vis)
spectroscopy and correlated with DFT calculations. The addition of excess (7 equiv.) HBF4
to 5 in acetonitrile followed by precipitation with diethyl ether provides triprotonated dimer
[5·3H][3BF4]. Using lower amounts of HBF4 generated a mixture of protonation states
which were challenging to characterize. Consequently, a different approach was required.
Under condition II, an already protonated monomer [2·H][BF4] was coupled with 3 in the
presence of 1.5 equiv. of Hünig’s base. In situ addition of 3 equiv. of HBF4, followed by
precipitation provides mono-protonated [5·H][BF4], with protonation occurring primarily on
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the more electron rich benzimidazole (see below). Dimer 5, and its protonated species
exhibit distinct spectroscopic, conformational, and optical behavior.
Photophysical behavior varies greatly as a function of protonation state and charge
density

Figure 2.1 Tracing the different possible protonation states via 1H NMR spectra (500 MHz, DMSO(d6), 3mM, 25℃) of
neutral axle 5 (bottom), mono-protonated [5·H][BF4] and tri-protonated [5·3H][3BF4].

To evaluate the effect of protonation on the bis-benzimidazole skeleton and further
rationalize the possible protonation states for each, a series of measurements such as 1H
NMR spectroscopy, mass spectrometry, ultraviolet-visible (UV-Vis) spectroscopy and
fluorescence spectroscopy were done under different solvent systems. All the experimental
results corresponded to the computational calculations for better rationalization.
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Table 2.1 Proton chemical shifts (δ, ppm) and m/z signal in ESI-MS(+) mode of neutral axle 5 (bottom), mono-protonated
[5·H][BF4] and tri-protonated [5·3H][3BF4].

Compound

Proton
chemical
shift*
(δ, ppm)

m/z
ESIMS(+)

5

[5·H] [BF4]

[5·3H][3BF4]

a

4.499

4.619

4.632

b

7.515

7.584

7.615

c

7.664

7.615

7.615

d

6.840

7.055

7.107

j

8.241

8.264

8.267

h

4.597

5.062

5.089

m

6.605

6.798

6.804

[C28H25N6O3]+

491.1828

491.1727

491.1737

[C28H26N6O3]

246.0955

246.0951

246.0963

[C42H33N9O5] +

742.2515

742.2523

742.2534

371.6293

371.6298

371.6301

2+

2+

[C42H34N9O5]

* Only the peaks that shifted significantly have been included here.

The 1H NMR comparisons between neutral 5 and its corresponded protonated
analogs were accomplished under 25 °C with the same concentration solutions (3 mM,
0.6 mL) for each in DMSO-d6. To minimize the effect of aggregation over the proton
chemical shifts and peak appearances, all the NMR tubes were sonicated for 10 min before
the 1H NMR measurements. Comparing the 1H NMR spectra of these three molecules
highlights the changes in the chemical shifts and peak broadness for resonances near the
basic sites (Figure 2.1; Table 2.1). The 1H NMR spectrum of neutral 5, has two singlets
(4.499 and 4.597 ppm) from the benzylic methylenes (a and h). Upon addition of H+, the
most basic nitrogen, N1, protonates and a shift to the left by 0.120 ppm for [5·H][BF4] and
0.133 ppm for [5·3H][3BF4]. The second methylene h significantly moved to more de47

shielded area by 0.456 ppm for [5·H][BF4] and 0.501 ppm for [5·3H][3BF4]. This shows the
electron density from the aniline nitrogen is substantially relocated towards the
benzimidazolium upon the first protonation.
The phenyl protons of 5, b-c (7.6 ppm) and i-j (8.1 ppm) appear as doublets. These
peaks shift upon protonation of their neighboring N atoms are relatively less significant than
others which implies a conformational change might also be occurring and the degree of
conjugation decreased as a result. The benzimidazole aromatic protons also shift upon monoprotonation to [5·H][BF4]; the proton d of the electron rich benzimidazole (6.840 ppm in 5)
and of the electron-poor benzimidazole (m, 6.605 ppm in 5) become more de-shielded and
broaden upon protonation; potentially partially due to proximity to the coordinated
counterion. In fully protonated [5·3H][3BF4], these resonances disappear and two new
downfield peaks appear at 7.107 ppm and 6.796 ppm

respectively.

The ESI-MS spectra of the protonated-BF4-coordinated structures, cannot
conclusively prove the degree of protonation; however, they do show molecular ions
consistent with both mono and diprotonated species (m/z 491 & 246 respectively). For
compound [5·3H][3BF4], an [M+1] ion at m/z 742 and +2 at 371 were also observed
consistent with what we hypothesize could be a trimer, like a fragment formed during mass
spectrometry. Notably, these ions are also observed in [5·H][BF4], but the spectral patterns
are different, suggesting differential fragmentation and/or aggregation depending on
protonation state. Spectra obtained in negative mode are consistent with BF4− present in both
[5·H][BF4] and [5·3H][3BF4] (and not in 5), supporting the identity of the counterion.
The computational calculations were accomplished for detailed understanding of the
electronic and spectroscopic behavior of 5 and its corresponded protonated species. Here, the
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Figure 2.2 The DFT calculation of 5 and its possible corresponded protonated species and the energy comparision between
each protonated skeleton.

DFT calculations at both ωB97XD/6-311G(d,p) and B3LYP/6-311+G(2d,p) levels of theory
were carried out. As shown in Figure 2.2, there are three possible protonation patterns for
[5·H][BF4] and another three for [5·2H][2BF4]. To rank the energy level for each possible
structure, the energy level for each candidate was calculated separately with and without
counter-ions under both the DMSO solvent and the gas phase. The predicted most stable
structures for [5·H][BF4] and [5·2H][2BF4] were shown at the bottom of their column.
These calculated DFT models with counter-ions showed that the electron-rich benzimidazole
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N1 is the most basic site, followed by N2 on the nitro substituted benzimidazole, with the

Figure 2.3 DTF energy calculation for [5·H][BF4] and [5·2H][2BF4] with and without counterions.

aniline N3 the third most basic site. The DFT calculation without counter-ion coordination
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showed exactly same energy ranking for the different posssible protonated skeletons (Figure
2.3).
Detailed comparisions between each optimized protonated skeleton had been finished
as shown in Figure 2.4. As the protonation state went higher, the dihedral angle θ and Γ of
benzimidaozle rings and phenyl rings experienced a twisting trend. The dihedral angle θ of
neutral specie 5 was 16.3˚. When the N1 was protonated, the dihedral angle showed a slight
0.4˚ bend to 15.9˚. Notably, when 5 get fully protonated, the dihedral angle θ changed

Figure 2.4 The DFT predicted energetics and structural aspects of neutral and protonated dimeric skeletons.
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significantly to 23.9˚. Also for Γ, the angle twistted from 16.1˚ for neutral 5 to 32.9 ˚ for
fully protonated 5The benzimidazoliums and their conjugated phenyl rings are essentially
coplanar and fully conjugated in 5. However, protonation bends these rings out of alignment.
This impacts donor-acceptor charge transfer, likely has an impact on the observed chemical
shift changes, and also impacts the resulting optical properties. To prove this hypothesis, a
set of detailed optical behavior measurements by UV-Vis-fluorescence spectroscopies had
been accomplished.
Tracing the optical behavior of neutral and protonated analogs
As discussed in chapter 1, benzimidazole skeletons perform strong ion coordinating
and pH sensitivity/switching effect by forming strong interactions with different ions and
emitting different aggregation and conjugation form. Thus, in the next stage of our study, the

Figure 2.5 (A) The UV-Vis of 0.03 mM neutral 5, mono-protonated [5·H][BF4], and fully protonated [5·3H][3BF4] in dry
DMSO-d6, 25℃; (B) ambient light, excitation at λ=365 nm appearance of 0.03 mM solution of each in pure dry DMSOd6, 25℃; (C)-(D) The fluorescence of 0.03 mM solution of each in dry DMSO-d6 at 300 and 450 nm excitation under
25℃;.
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pH-dependent absorption and emission properties of 5, [5·H][BF4] and [5·3H][3BF4] were
investigated and compared with the DFT calculated structures. The measurements were
accomplished with the dry DMSO-d6, pre-dried over previously washed 4 Å molecular
sieves, at 0.03 mM concentration.
The differential optical behavior of 5 against [5·H][BF4] and [5·3H][3BF4] elicited
our interest in this study as we noted the former fluoresced under sunlight while the latter
were more muted. We measured the protonation-dependent optical behavior in 0.03 mM
DMSO-d6 (Figure 2.5). Each of those molecules shows different optical properties. All
demonstrate long-wavelength bands at around 302 nm (the principal peak in the UV-Vis
spectrum) albeit with different intensities. This difference can be attributed to a reduction in
the typical donor-acceptor charge transfer between the two benzimidazole units. The two
lower-energy absorption bands around 360 and 425 nm are of lower intensity comparing to
major absorption band except for 5. Based on this observation, we speculate the 302 nm peak
arises from the free molecules, while the two peaks at longer wave-lengths (360 nm and 425
nm) represent the interference from hydrogen-bonded dimer aggregation, or are due to other
𝜋-𝜋∗, n-𝜋∗ transitions.
A complete emission spectrum was obtained by excitation at two different
wavelengths, 300 and 450 nm (300 nm excitation for Figure 2.5 C and 450 nm excitation for
Figure 2.5 D). Upon protonation of neutral dimer 5, the absorption intensity increases
significantly, accompanied by a moderate change in the λmax. The absorption and emission
spectra of neutral skeleton 5 are similar to those of [5·H][BF4]; however, [5·H][BF4]
exhibits a stronger UV-Vis intensity than 5, and they differ in their fluorescence λmax. When
samples were excited at λ=300 nm, 5 showed a dominant emission peak at 427 nm while this
53

emission band split to two emission peaks at 399 nm and 468 nm for [5·H][BF4]. In contrast,
the fluorescence emission λmax of 5 blue-shifts from 427 nm to 399 nm with respect to full
protonation. Same samples had been used for another group of measurements with the
excitation at λ=450 nm. Neutral 5 performed two broad emission bands, 511 nm and 613 nm,
with similar intensity while [5·H][BF4] also emitted at 511 nm. Its worth noting that the fully
protonated analog [5·3H][3BF4] showed a complete emission quenching spectrum under this
excitation which matched well with the optical behavior prediction made by the dihedral
angle. The overall fluorescence comparisons between these three analogs indicate that
neutral 5 and monoprotonated [5·H][BF4] emitted a similar fluorescence feature where the
fully protonated [5·3H][3BF4] showed significant differences to both 5 and [5·H][BF4].
The differences between each protonated species and non-protonated analog were
also detectable under ambient light and excitation at λ=364 nm UV-lamp (Figure 2.5 B).
Under ambient light, they all showed as a homogenous yellow solution with slight color
differences, however, under UV-lamp (excitation at λ=365nm), the non-protonated species
emitted a stronger green fluorescence comparing to its protonated species.
The dual fluorescence behavior in these skeletons can be due to different excitation
mechanistic events: either a local excitation (LE) of the electrons from the benzimidazole π
to the benzimidazole π* orbital vs. a twisted intramolecular charge transfer (TICT) state at
different protonated stage. The highly conjugated nature of bis-benzimidazoles makes
intramolecular charge transfer (ICT) the dominant mode of fluorescence; this would be
highly sensitive to conformational effects on conjugation. We propose that the presence of
photo-induced electron transfer between the benzimidazolium units coupled with a reduced
degree of π-conjugation between the phenyl and benzimidazolium moieties, as they contort
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out of planarity upon protonation, is responsible for the observed optical behavior. As shown
by the predicted dihedral angles, in fully protonated [5·3H][3BF4], the presence of the three
coordinating counterions and the bridging N3 functionality fixes the geometry of
[5·3H][3BF4] and reduces the degree of π-conjugation between different units. This
conformational restriction inhibits the local excitation and charges transferring pattern which
in turn leads to a fluorescence quenching effect under certain excitation. On the other hand,
as shown in Figure 2.4, in both neutral 5 and [5∙H][BF4] the presence of the TICT state, in
which electrons of the donor system can transfer to the electron-poor acceptor benzimidazole
system, the rotation around the flexible highlighted bonds (Figure 2.4) puts the two
benzimidazole groups in proper conjugation with the bridging phenyl ring. All the calculated
twist angles, responsible for the observed optical behaviors are highlighted in Figure 2.4.
The twisting of the phenyl ring away from coplanarity with the benzimidazoles in
[5·3H][3BF4] by 8˚ for θ and 14.3 ˚ for Γ in [5·3H][3BF4] are significantly different than
neutral 5 and the mono-protonated form [5·H][BF4]. It breaks conjugation, and reduces the
absorption of the molecule at higher wavelength as is indicated in the fluorescence spectrum.
All the calculated dihedral angles responsible for the observed optical behaviors ass shown
in Figure 2.4.
To more confidently assign the experimental properties to the predicted DFT models,
the optical behavior was correlated to the molecular orbital theory (MO) and time-dependent
density functional theory (TD-DFT) calculated parameters. The calculated energy level of
the frontier orbitals are shown in Figure 2.2. The main MO transition (allowed transition)
chosen for each skeleton is based on balancing the excitation energy and the oscillating
strength of that special transition. In neutral 5, both the HOMO-2 (−6.60 eV) and LUMO
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energy (−2.87 eV) of the benzimidazole are lower than of the proposed mono-protonated
[5·H][BF4] (HOMO −5.89 eV, and LUMO+1, −2.14 eV). Mono-protonation of the dimer
only slightly increases its key MO energy levels (LUMO+1) compared with the neutral form
suggesting that the degree of electron transfer between the donor and acceptor fluorophores
should be broadly similar. This is what is largely observed experimentally (discrepancies of
course arise from aggregation behavior as electrostatic repulsion will be stronger for the
protonated form). Fully protonated [5·3H][3BF4] behaves very differently. Its HOMO-1
(−9.38 eV), is far lower than that of 5, while its LUMO orbital (LUMO = −1.28 eV) is much
Table 2.2Experimental result of the absorption and emission of neutral 5, mono-protonated [5·H][BF4] and fully protonated
[5·3H][3BF4] and the predicted maximum absorption (λabs) and emission (λem) values, the excitation energies (E in eV), oscillator
strengths (f), HOMO-LUMO orbitals which respond to emission and absorption and their energy band (E in eV) of 7-9 by the
TD-DFT/IEFPCM method with 6-311G (d, p) basis

5

[5·H][BF4]

[5·3H][3BF4]

302, 360,425

302, 360, 425

302, 360, 425

300ex.

399

385, 468

352

450ex.

511, 613

511

None

λabs/nm

279.63

362.77

371.94

Oscillator Strength (f)

1.4352

0.7774

0.9010

Excitation Energy/eV

4.43

3.42

3.33

Orbital

HOMO-2

HOMO

HOMO

Energy/eV

-6.60

-5.89

-9.38

Orbital

LUMO

LUMO+1

LUMO

Energy/eV

-2.87

-2.14

-1.28

3.73

3.75

8.10

λabs/nm
Experimental

Computational

λem/nm

HOMO

LUMO

HOMO-LUMO
band gap/eV

higher. This large gap in donor-acceptor orbital energy reduces the ability of electrons to
transfer from the donor unit to the acceptor, and also perturbs local excitation. This should
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quench fluorescence as observed experimentally. (Figure 2.2, Figure 2.5 B, C and Table
2.2).
The predicted energy gaps (𝐸g) for neutral 5 and mono-protonated [5·H][BF4] are
3.73 eV, and 3.75 eV, respectively, while that for the fully protonated [5·3H][3BF4] is a
more insurmountable 8.10 eV. The predicted behavior for these protonated species agrees
well with the experimental observations. The increase in the absorption wavelength values
for both neutral 5 and [5·H][BF4] are in good agreement with the experimental trend. The
computationally-predicted bathochromic shifts and the predicted Δ𝐸 of 5 and [5·H][BF4] are
lower than for [5·3H][3BF4] which is predicted to show a potent blue-shift and have a very
high frontier orbital energy gap.
The wavelength at maximum absorption (λmax), the excitation energies (E in eV), and
the oscillator strengths (f) of the systems were predicted using the TD-DFT/IEFPCM method
employing the 6-311G(d,p) basis set in DMSO solvent (Figure 2.2, Table 2.2). These
predicted values for the excitation energies and maximum absorption are in good agreement
with experimental values, however they are slightly overestimated (Table 2.2), with the
computational values being 30 to 40 nm greater. The discrepancy might be due to intermolecular interactions between adjacent dimers. Neutral dimer 5, with the weakest
experimental absorption intensity, shows the smallest f value (0.9010). The oscillator
strength is directly proportional to quantum yield, with higher values indicating a greater
probability of photon emission/adsorption during electron transition. Higher f values indicate
a stronger signal at a given concentration and radiation intensity. The mono-protonated
[5·H][BF4], with an intermediate absorption intensity, has an intermediate f value of 1.301;
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while fully-protonated [5·3H][3BF4], with the strongest signal intensity has the highest
oscillator strength at 1.4352.
This differential optical behavior as a function of protonation shows the potential for
these systems as pH sensor agents and as pH responsive cationic ligands for macrocyclic
hosts, which is the focus of our ongoing research. This behavior is extremely important to
understand as it is further affected by the formation of polypseudorotaxanes and can be used
as a chromatic sensor of supramolecular complex formation rather than relying on complex
intersectional multi-instrumental analytical techniques. This would make these an even more
privileged structure and this effect is currently under investigation.
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Photophysical behavior varies as a function of solvent and
concentration/aggregation
The protonation equilibrium, solvent effect and reactions in excited state for different
benzimidazole based derivatives have been studied, but the optical behavior observed in this
model is still unique. As we seek to use these for self-assembly applications, and as
aggregation appears to be a challenge at even low concentrations regardless of protonation
state, we needed to fully characterize the relationship between aggregation and solvent and

Figure 2.6 (A) Ambient light and excitation at λ=365nm appearance of 3 mM, 0.3 mM and 0.03 mM [5·3H][3BF4] in
DMSO-d6, 90DMSO:10H2O and 90DMF:10H2O at 25℃; (B-C) UV-Vis-Fluorescence spectroscopy of 3 mM
[5·3H][3BF4]in DMSO-d6, 90DMSO:10H2O and 90DMF:10H2O at 25℃.

concentration for these systems. As the fully protonated species would best be able to chelate
to cation-recognizing macrocyclic units, this species was the one used for all further studies.
2.2.6.1

Solvent-dependent optical behavior
To our knowledge, the solvent nature can alter the optical behavior of benzimidazole

and benzimidazolium derivatives to a large degree. To probe the possible solvent dependent
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optical properties of fully protonated [5·3H][3BF4], we explored its photophysical behaviors
in variant solvents via UV-Vis-fluorescence spectroscopies and dynamic light scattering
(DLS) measurements. The poor solubility of [5·3H][3BF4] limited the choice of solvent
systems so DMSO/DMF based polar solvent mixtures were used here for detailed
investigations.
As discussed in Chapter 1, H2O is a highly polar aprotic solvent that provides
negative effects on the aggregation formation-dissociation events. The differences between
DMSO and H2O mainly come from their ability to form hydrogen bonds with the solute.
DMSO contains strongly polarized S-O bond, however, it is less efficient to donate hydrogen
bonds to anions as water does. As a result, anions can be better stabilized by H2O, and
molecules (solute) can ionize easier with the presence of H2O. To probe the effect of H2O
over the aggregation behaviors, we used DMSO-d6 which equipped with the molecular
receiver as the completely H2O-free solvent and comparing it with the 90DMSO:10H2O
solvent mixture. To further confirm that the variation of aggregation behavior is not
dominated by solvent viscosity, we supplement another set of similar measurements with
90DMF:10H2O for comparison.
According to the UV-Vis measurement results, at the same concentration (3 mM), the
addition of 10% H2O triggered a blue shift of the absorbance peak from 431 nm (dry DMSO)
to 428 nm (90DMSO:10H2O) whereas the absorption band of 90DMSO:10H2O and
90DMF:10H2O are closer. (Figure 2.6 B) The fully protonated skeleton showed a
hypochromic shift with increasing solvent polarity which was so-called “negative
solvatochromism”.114 This shifting trend indicates that the ground-state molecule is better
stabilized by solvation than the molecule in the excited state.
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Under the excitation at λ=300 nm, [5·3H][3BF4] showed an intense emission peak at
350 nm in DMSO-d6 whereas this emission got completely quenched when it dissolved in
90DMSO:10H2O and 90DMF:10H2O solvent mixtures (Figure 2.6 C). This significant
quenching effect indicated that the presence of 10% H2O triggered the
conformation/aggregation shift within [5·3H][3BF4]. Most of the reported similar bisbenzimidazole skeletons didn’t show significant spectroscopic change until the H2O fraction

Figure 2.7 The DLS measurement of [5.3H][3BF4] in DMSO-d6, and 90DMSO:10H2O at 25℃.

reached 50%.80, 96, 105, 115 Comparing to those reported skeletons, this novel benzimidazole
skeleton has a great potential to be used as highly sensitive solvatochromism probes.
We further probe this solvent dependent aggregation behavior by comparing the
appearance of elevated concentration solutions under ambient light and ultraviolet radiator.
As shown in Figure 2.6 A, along with the dilution, the color of 90DMSO:10H2O and
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90DMF:10H2O solution gradually faded from bright yellow to colorless under ambient light,
however, DMSO-d6 solution remained light yellowish at low concentration. We surmise that
the presence of H2O partially dissociates different aggregation assemblies by forming a
strong hydrogen bond with solute and standing out as better solvent for counter-ions
associated species than DMSO.
To prove the above proposal, the size distribution of fully protonated [5·3H][3BF4],
were measured and compared by DLS with the same solvent mixtures as UV-Vis-florescence
measurements. As shown in Figure 2.7, the DLS data shows that aggregates are present, and
that the size varies based on solvent, but is little affected by concentration above 0.08 mM.
The DLS results of concentration lower than 0.08 mM are not included here because the
particle sizes become lower than the detection unit and the major size distributions are higher
than 1000 nm (mainly contributed by dust and other impurities). The lines in the DLS are
essentially flat within the error of the measurements, indicating that a single species seems to
dominate the aggregation form regardless of the concentration once a critical aggregation
concentration (CAC, around 0.08 mM) is attained (Figure 2.7). Consistent with the above
optical observations, using mixed solvent systems changes the particles that are present: they
are far smaller (128.7 nm vs. 569.9 nm) when water is introduced, again supporting our
hypothesis that water disrupts the aggregates by better solubilizing the tri-cations. But
again, the same aggregate is observed across this concentration range, with nothing
detectable by DLS below 0.08 mM suggesting that this might be close to the CAC for this
compound in these solvents. The CAC we observed here is more dilute than will be
employed for the supramolecular assembly chemistry we intend to use these systems for,
suggesting that aggregation might be a serious concern. However, polymeric material,
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rather than these simple model dimers, is likely to behave differently and will need to be
investigated on its own merits.
Both the optical and sizing data strongly suggests that only a single type of aggregate
is formed at higher concentrations, and that this aggregate begins to emerge above 0.08 mM.
Addition of water weakens the interactions resulting in smaller aggregates, but it does not
change the CAC significantly. These aggregates show remarkable concentration-dependent
red-shifting making them extremely curious structures deserving of further study.
All in all, the huge particle size distribution of [5·3H][3BF4] in pure DMSO-d6 and
significant particle size decrease in 90DMSO:10H2O are strong pieces of evidence for
supporting the solvent variant aggregation surmise. The fully protonated
bis-benzimidazolium skeleton emits a remarkable AIE behavior under H2O-free solvent. The
presence of H2O will partially disturb the formation of aggregated species by better
solubilizing the tri-cations. The high sensitivity and outstanding aggregation behavior under
low concentration make this skeleton a strong candidate as negative solvatochromic probes.
2.2.6.2

Concentration-dependent aggregation behavior
To further rationalize the microaggregate and/or macroaggregate behavior of bis-

benzimidazole skeletons and the correlation between the aggregation behavior with AIE
properties, we set up another few parallel measurement to further probe the concentrationdependent aggregation behavior under same solvent systems by using [5·3H][3BF4] as an
example. The experiments were carried out with three solvent systems, DMSO,
90DMSO:10H2O and 90DMF:10H2O, under elevated concentration ranging from 0.01 mM
to 3 mM.
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Figure 2.8 (a)The UV-Vis spectra of 3 mM-0.3 mM [5·3H][3BF4] in undried DMSO at 25℃; (b) photographs of the samples
of [5·3H][3BF4] used to generate panel (c) under ambient light (top) and under excitation at 365 nm (bottom) in undried
DMSO at 25℃; (c) the fluorescence spectra of [5·3H][3BF4] in undried DMSO (3 mM-0.01 mM) with excitation at 450 nm at
25℃; (d) Fluorescence intensity plotted against concentration with the equations of the two curves. (Note the discontinuity at
0.3 mM).

Decreasing the concentration of axle from 3 mM to 0.01 mM in pure DMSO leads to
a significant change in the color from a deep yellow to colorless (Figure 2.8 b). The color
gets fainter and fainter and then disappears at 0.1 mM, the same “cut-off” value as noted in
the UV-Vis data. The absorption peaks also show a constant blue shift trend from 431 nm
(3 mM) to 392 nm (0.3 mM) while the intensity of absorption peaks nearly varied. (Figure
2.8 a) The axle also exhibits significant linear fluorescence enhancement upon increasing of
the concentration; overcoming the fluorescence quenching observed at 0.03 mM
concentration with a distinct blue-green emission centered at 528 nm (Figure 2.8 b and c).
A concentration-dependent decrease is clearly observed down to 0.3 mM, but it drops off
markedly below this point. This discontinuity in behavior is clearer when the data is plotted
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(Figure 2.8 d), showing that we have two different mechanisms of fluorescence at play. We
believe that this may be attributed to aggregation.
Absorption/Emission blue/red shifts like that in Figure 2.8 a are known, but it is very
rare to observe a 39 nm red-shift induced by concentration variation.116 To our knowledge,
no literature had reported a constant concentration-dependent absorption migration as this
before. There is little change in the amplitude of the signal, and the shift can be due to the
presence of a new conformer, that replaces the computationally calculated energy minimum
(Figure 2.4); the emergence of additional non-covalent and H-bonding interactions between
functional groups on adjacent axles; the restriction of molecular rotation and vibration due to
aggregation; and/or the interference of intramolecular charge transfer by intermolecular
processes due to the increase in concentration. To examine these questions, we attempted to
disrupt the aggregates by changing the solvent, believing that the trace water in the DMSO
could be affecting molecular solvation.
Combining the plot of emission shifting in Figure 2.8 d, and the live photo of
appearance and emission color in Figure 2.8 c, we recognized two linear relationships
between emission intensity and concentration with completely different slops which lead us
to an aggregation transition model with the predicted transition point at 0.56 mM (the
calculated joint point of two linear equations). Interpolation suggests the mechanism changes
at 0.56 mM, however there is clearly a transition zone between 0.5 and 0.3 mM where we
have a mixture of the mechanisms coexisting. 105, 110 Combining the fluorescence behavior
and visual appearance, concentrations between 0.5 mM to 0.3 mM were recognized as a
phase 1-phase 2 transition zone in which both aggregation forms present and the percentage
of phase 1 assemblies decreased to generate phase 2 assemblies. Changes in adsorption at the
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lower concentrations (0.01 to 0.5 mM) are extremely sensitive to small changes
(slope=17.293) demonstrating the potential of fully protonated 5 to act as a chemical sensor.
(Figure 2.8 d)
Encouraged by the negative solvatochromic properties that we observed above, our

Figure 2.9 (a)The UV-Vis spectra of [5·3H][3BF4] (3 mM-0.3 mM) in 90DMSO:10H2O at 25℃; (b, e) The
fluorescence spectra, excited at 300 nm and 450nm, of [5·3H][3BF4] (3mM-0.01mM) in 90DMSO:10H2O at 25℃;
(c) ambient light, excitation at λ=365 nm appearance of [5·3H][3BF4] in 90DMSO:10H2O at 25℃; (d) The
fluorescence intensity of various concentration at 520nm emission (black, red) and 415nm emission (blue, cyan,
pink).

next direction of investigation was the concentration-dependent optical behavior of
[5·3H][3BF4] in water associated solvent mixtures. Similar measurements as in DMSO were
conducted in 90DMSO:10H2O as shown in Figure 2.9. A blue shift of the absorbance peak
from 428 nm (3 mM) to 394 nm (0.3 mM) is observed with a slight absorption intensity
change (overall intensity shows a U-shaped curve compared to the linear intensity observed
in pure DMSO). The measurements of fluorescence are carried out under two different
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excitations (300 nm and 450 nm) to provide more details about the correlation between
concentration and emission.
Table 2.3 Linear correlation between concentration and emission at 520 nm (excitation at 450 nm) and 415 nm/454 nm
(excitation at 300 nm) in 90DMSO:10H2O.

Excitation
450 nm

300 nm

Linear
correlation

Concentration
range

Slope

Intercept

R

a

3 mM-0.1 mM

6.5941

1.5151

0.90847

b

0.1 mM-0.01 mM

8.0413

0.3250

0.96111

a’

3 mM-0.1 mM

-0.09184

0.30951

0.93123

b’

0.1 mM-0.05 mM

-94.35437

12.26027

0.99887

c’

0.05 mM-0.01 mM

67.63602

3.97929

0.99484

2

The fluorescent behavior is more complicated in this mixed solvent system. As the
concentration of [5·3H][3BF4] rises from 0.01 to 0.05 mM, the fluorescence emission at
400-450 nm (excitation at 300 nm) gradually increases (Figure 2.9 b), with a significant
shift in the λmax, then starts to fall to 0, and is effectively fully quenched at concentrations
above 0.5 mM. Conversely, when excited at 450 nm, we see a steady increase in emission at
520 nm, effectively reaching maximum signal at 3 mM (Figure 2.9 e). This differential
behavior suggests that an isolated molecule, or more likely a dimer, emits at 415 nm, but that
this band is quenched as aggregates start to form as the concentration increases. The
concentration of monomer above the CAC would remain constant and we would not expect
to see a decrease in emission, but rather a stabilization. It is likelier that the 415 nm peak is
due to a lower order aggregate that effectively ceases to exist as the concentration continues
to rise, producing species that emit at 520 nm.
The linear correlations between concentration and intensity are further plotted for
both excitations as shown in Figure 2.9 and Table 2.3. Under 450 nm excitation, two linear
relationships, a and b, were identified with different slops which the slope at low
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concentration (b, 0.1 mM-0.01 mM, slope=8.0413) is more significant than the higher
concentration range (a, 3 mM-0.1 mM, slope=6.5941) and this behavior is consistent with
the observation in DMSO (Table 2.3). Under 300 nm excitation, the correlations appeared to
be more complex which we identified three linear relationships. (labelled as a’, b’ and c’ in
Figure 2.9 D and Table 2.3) The emission intensities of concentration between 3 mM to
0.3 mM at 415 nm are lower than 1 a.u. and the slope of intensity-concentration linear
correlation between this range is close to 0 (-0.09). The emission intensity increased
drastically between 0.3 mM and 0.05 mM (slope=-94.35) and reach the largest intensity at
0.05 mM. When concentration further decreased to lower than 0.05 mM, emission peak redshifted from 415 nm to 454 nm and the intensity decreased as well. Based on this
observation, we defined a three-phase aggregation transition process. Phase 1 is between
3 mM to 0.3 mM which [5·3H][3BF4] is highly aggregated under both excitations (labelled
as a for 450 excitation and a’ for 300 excitation). Concentration between 0.3 mM to
0.05 mM is phase 2. Same as in DMSO, some of the highly aggregated species started to
disassemble and generate smaller aggregated forms during the transition between phase 1
and 2. The emission intensities of less concentrated samples are too low under 450 nm
excitation so phase 2 can only be monitored when the samples were excited at 300 nm
(labelled as b’). Concentrations lower than 0.05 mM is phase 3, where no aggregated species
presented under this range (labelled as c’ under 300 nm excitation). The 39 nm red-shift of
the λmax was determined to be strong evidence for the complete aggregation dissociation
when concentration drop to lower than CAC.
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This three-phase transition proposal is also consistent with the appearance under
ambient light and ultraviolet radiation. (Figure 2.9 C) The color of the [5·3H][3BF4]
solution gradually faded from yellow to colorless as a result of dilution under ambient light.
The appearance variations upon the dilution under UV-lamp completely match with the
predicted three-phase aggregation immigration. Starting at 3 mM concentration the emission
color gradually merged from cyan to deep blue which represented an interchanging

Figure 2.10 (a)The UV-Vis spectra of [5·3H][3BF4] (3 mM-0.3 mM) in 90DMF:10H2O at 25℃; (b, e) The fluorescence
spectra, excited at 300 nm and 450nm, of [5·3H][3BF4] (3 mM-0.01 mM) in 90DMF:10H2O at 25℃; (c) ambient light,
excitation at λ=365 nm appearance of [5·3H][3BF4] in 90DMF:10H2O at 25℃; (d) The fluorescence intensity of various
concentration at 513 nm emission (black, red) and 458 nm emission (blue, cyan, pink).

aggregation state. After 0.1 mM the emission color turned to deep blue which indicated that
phase 1-phase 2 transition reached completion. Upon further dilution, the color became less
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deep (0.05 mM) and this can be a sign for a complete aggregation dissociation from phase 2
to phase 3.
However, the above effect could be due to changes in solvent viscosity, so to
discount this possibility we examined [5·3H][3BF4] in a 90DMF:10H2O system. With the
concentration decreasing from 3 mM to 0.3 mM, absorption peak blue-shift from 426 nm
(3 mM) to 393 nm (0.3 mM). (Figure 2.10 a) Also, the opposite relationship between
emission intensity and concentration is observed under two excitations (300 nm and 450 nm)
which indicate this is not a solvent specific behavior (Figure 2.10 b, e). Moreover, another
similar three-phase aggregation/dissociation process is defined here for a better
understanding of the concentration-dependent aggregation behavior in 90DMF:10H2O. The
concentration range between 3 mM and 0.3 mM was recognized as phase 1 (a and a’),
0.3 mM to 0.03 mM is phase 2 (b’), and 0.03 mM to 0.01 mM is phase 3 (c’). (Figure 2.10 d
and Table 2.4) The predicted phase changing point of 90DMSO:10H2O (0.3 mM and
0.03 mM) is almost the same as 90DMSO:10H2O (0.3 mM and 0.05 mM).
Table 2.4 Linear correlation between concentration and emission at 513nm (excitation at 450nm) and 445nm/458nm (excitation
at 300nm) in 90DMF:10H2O.

Excitation
450 nm

300 nm

Linear
correlation

Concentration
range

Slope

Intercept

R

a

3 mM-0.3 mM

8.20297

1.75819

0.96588

b

0.1 mM-0.01 mM

8.76198

0.16597

0.99334

a’

3 mM-0.3 mM

-0.36148

0.93266

0.98514

b’

0.3 mM-0.03 mM

-11.56573

4.92128

0.96067

c’

0.03 mM-0.01 mM

24.34039

3.7688

1

2

Notably, when the samples were excited at 300 nm, the emission peak blue-shifted
from 458 nm to 445 nm when the solution was diluted from 0.03mM to 0.01mM. This trend
is opposite to that observed with 90DMSO:10H2O. The solvatochromism behavior depends
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on the axle and its aggregated chemical structure, their physical properties and the type of
solvent molecules, which, affect the strength of the intermolecular interactions between axle
units and between the axle and solvent molecules in both ground state and the excited state.
The special solvatochromism behaviors observed in this novel bis-benzimidazolium skeleton
can be potentially used for designing highly sensitive probes and sensors.
Different approaches toward first order and higher order pseudorotaxanes
To achieve our long-term goal of the development of new cross-linkable
macrocycles, and to obtain proof-of-concept systems on which macrocycles will fit best, we
also analyzed the conformational rearrangement and the optical properties of our protonated
axles in presence of host molecules using different encapsulation approaches, temperature
and solvent conditions.
To test the binding ability of the novel bis-benzimidazolium with DB24C8, we did
some preliminary experiments between benzimidazolium monomers and different sized
crown ethers to find the best crown ether for later advanced host-guest studies with
[5·3H][3BF4] as the guest. We employed two different methods for constructing the first
order and higher-order pseudorotaxane assemblies. One is by snapping approach in which
one of the monomers will first interact with crown ether followed by end-capping with
another piece of monomer. Another is the threading approach in which the wheel will
directly interact with pre-synthesized guests in a suitable condition (solvent and
temperature).
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2.2.7.1

Formation of first-order pseudorotaxanes via threading approach

Figure 2.11 1H NMR ((500 MHz, DMSO(d6), 3mM, 25℃)comparison between neutral 3 (bottom) and its
corresponded protonated skeletons (from bottom to top is [3·H][BF4], [3·H][PF6] and [3·H][OTf].

Before the construction of higher-order pseudorotaxanes with bis-benzimidazolium
skeletons, the binding ability of benzimidazolium derivatives over crown ether families had

Figure 2.12 1H NMR (500 MHz, DMSO(d6), 3mM, 25℃) comparison between neutral 2 (bottom) and its corresponded
protonated skeletons (from bottom to top is [2·H][BF4], [2·H][PF6], [2·H][CF3COO] and [2·H][CH3COO].
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Table 2.5 Proton chemical shift changes for the neutral 2 and 3 upon the protonation and coordination with different counterions.

Proton chemical shift (δ, ppm)

Compound

Counterion

a

b

c

d

e

f

3

Neutral

4.912

7.7157.730

8.3008.316

8.545

8.1998.221

7.8427.860

[3·H][BF4]

BF4

4.906

7.7117.721

8.2998.316

8.540

8.1968.220

7.8417.858

[3·H][PF6]

PF6

4.899

7.6867.702

8.2638.281

8.513

8.1518.172

7.7887.806

[3·H][OTf]

TfO

4.762

7.7567.762

8.0878.105

8.683

8.3928.414

7.9647.982

2

Neutral

4.654

7.6117.638

8.1498.176

7.102

7.5557.589

6.9647.00

[2·H][BF4]

BF4

4.668

7.6497.665

8.1218.138

7.174

7.623

7.0527.070

[2·H][PF6]

PF6

4.915

7.7227.75

8.3268.353

8.563

8.2228.253

7.8677.893

[2·H][CF3COO]

CF3COO

4.656

7.6227.637

8.1248.140

7.099

7.5697.589

7.9767.993

[2·H][CH3COO]

CH3COO

4.570

7.4517.466

8.0188.036

6.739

7.3027.319

7.6787.598

−

−

−

−

−

−

−

been first demonstrated with benzimidazolium monomers. According to the
previously reported studies, the binding affinity between host and guest will be highly
affected by both counter-ions and solvent systems. 26, 27 The coordination between counterions and axles will potentially increase the solubility of benzimidazole derivatives and will
also induce positive/negative effects on the host-guest association process. Solvent systems
with different polarity and H-bonding ability can also alter the host-guest binding affinity to
a large degree. To probe the role of counter-ion and solvent effects, two parallel sets of
experiments with two counter-ion associated monomers (BF4− and PF6−) had been done with
pure slightly polar solvent, CDCl3, and a mixture of highly polar aprotic solvent, DMSO-d6,
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and CDCl3. These preliminary studies with different monomers provided important
references for constructing higher-order pseudorotaxanes with dimer 5 and crown ethers.
The protonation of monomers was accomplished by similar protocols and equiv. as
shown in Scheme 2.2. The 1H NMR comparison between BF4−, PF6−, CH3COO−, CF3COO−,
and TfO− associated skeletons with neutral monomers revealed the effect of different
counter-ions over relevant protons, i.e. protons close to the protonation and counter-ion
association sites (Figure 2.11, 2.12 and Table 2.5). Upon the protonation, the protons near
the imidazolium ring, labelled as “c” “e”, “f” and “d”, shown significantly chemical shifting
since the chemical environment of these closest protons were highly affected by counterions, Figure 2.13. In contrast, protons which were further away from the protonation sites,
such as proton “b”, barely shifted. As shown in Table 2.5, different counter-ions cause

Figure 2.13 From top to bottom is 1H NMR spectra in CDCl3 of 6.67mM solution of [3·H][PF6] (guest); 6.67mM solution
of host with 2 equiv. of guest and the proposed structure of [2]pseudorotaxane [3·H·18C6] [PF6]; 6.67mM solution of
18C6 (host) at 25℃.
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different effects over those relevant protons. The mechanism behind this phenomenon is
sophisticated since the binding modes between counter-ions and monomers are different
from one pair to another and are specific to a specific combination of ions.
Table 2.6 Proton chemical shift changes for the host (18C8, DB18C6, and DB24C8) and the guest ([3·H][PF6]) upon the
possible formation of [2]pseudorotaxane ([3·H·18C6][PF6], [3·H·DB18C6][PF6] and [3·H·DB24C8][PF6] )

Proton
δobs/ppm

a

b

c

d

e

1,2

3

4

[3·H][PF6]

4.661

7.587

8.083

8.590

8.245

-

-

-

18C6

-

-

-

-

-

3.688

-

-

DB18C6

-

-

-

-

-

6.898

4.179

4.041

DB24C8

-

-

-

-

-

6.885

4.153

3.919

δobs

4.651

7.566

8.130

8.590

8.220

3.668

-

-

Δδ

0.01

0.021

-0.047

0.000

0.025

0.02

-

-

δobs

4.636

7.549

8.100

8.567

8.199

6.869
6.839

4.156

3.997

Δδ

0.025

0.038

-0.017

0.023

0.046

0.029
0.059

0.023

0.044

δobs

4.635

7.552

8.100

8.564

8.204

6.855
6.825

4.119

3.908

Δδ

0.026

0.035

-0.017

0.044

0.041

0.030
0.060

0.034

0.011

[3·H][PF6]
+18C6
[3·H][PF6]
+DB18C6

[3·H·DB248]
[PF6]

The association with different counter-ions alters the solubility of monomers to a
large degree. The solubility of neutral 3 is poor in non-polar solvents, this states as a huge
limitation for the host-guest interpenetration since the choice of solvent had been greatly
narrowed. However, upon the protonation and association with PF6−, compound [3·H][PF6]
became completely soluble in non-polar solvents like chloroform. Taking advantage of this
solubility improvement, the preliminary host-guest studies with crown ether family were first
carried out by using [3·H][PF6] as the guest.
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Three commercially available macrocyclic polyether wheels with significantly
different sizes were compared here to probe the effect of host cavity size on the
encapsulation between the benzimidazolium axle and crown ether wheel. 18-Crown-8,
dibenzo-18-crown-6, and dibenzo-24-crown-8 (18C8, DB18C6 and DB24C8 in short) are
used here. The usage of DB24C8 as a benzimidazole-based rotaxane/pseudorotaxane host
can be widely found in relevant literature due to its suitable cavity size and the extra πstacking sites on benzene rings that can improve affinity for a lot of threads.
To trace the threading event between [3·H] [PF6] and 18C8, DB18C6 and DB24C8,
0.02 M stock solution of guest and hosts in CDCl3 had been prepared first. For the pure hosts
and guest, 0.2 mL of their stock solutions were first transferred to NMR tubes and diluted
with 0.4 mL pure solvent to give a 6.67 mM sample concentration of each. For a 1:2
(host:guest) mixture, 0.2 mL host and 0.4 mL guest were mixed in NMR tube, and for 1:1

Figure 2.14 From top to bottom is 1H NMR spectra in CDCl3 of 6.67mM solution of [3·H][PF6] (guest); 6.67mM
solution of host with 2 equiv. of guest and the proposed structure of [2]pseudorotaxane [3·H·DB18C6] [PF6]; 6.67mM
solution of DB18C6 (host) at 25℃.
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(host:guest), 0.2 mL host and 0.2 mL guest were mixed first and diluted with another 0.2 mL
of the pure solvent. This protocol was used for the preparation of all the threading approach
samples. 1H NMR spectra of 1:2 (host:guest) mixtures were recorded and the observed
chemical shift (δobs) of the protons were compared to δobs values obtained in pure host/guest.
The partial 1H NMR spectra of pure 18C6 (host), [3·H][PF6] (guest) had been
compared with 1:2 (host:guest) mixture as shown in Figure 2.13 and the detailed δobs and Δδ
(δobs(host/guest) − δobs(complex)) for each host-guest assembly is summarized in Table 2.6. Upon
the combination, proton “1” from 18C6 shifted upfield by 0.02ppm; moreover, protons from
[3·H][PF6], labelled as “a”, “b”, and “e”, all shifted to upfield to different degrees. In
contrast, proton “e” from [3·H][PF6] showed a 0.047 ppm downfield movement which
indicated a strong through-space interaction between “e” and 18C6. Since the cavity size of

Figure 2.15 From top to bottom is 1H NMR spectra in CDCl3 of 6.67 mM solution of [3·H][PF6] (guest); 6.67 mM
solution of host with equimolar of guest and the proposed structure of [2]pseudorotaxane [3·H·DB24C8][PF6]; 6.67 mM
solution of DB24C8(host).
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18C6 is too small for interpenetrating guest molecule, the chemical shift that we observed
may mainly due to the external interaction between host and guest in solution.
Similarly, the partial 1H NMR spectra of pure DB18C6 (host), [3·H][PF6] (guest)
was compared with 1:2 (host:guest) mixture as shown in Figure 2.14 and Table 2.6.
Compared to with the 18C6 host, the aromatic rings within DB28C6 can form extra π-π
stacking interactions with the guest which further strengthens the resultant proton peak
shifts. This can be proven by the Δδ between the δobs of host/guest and corresponding
[2]pseudorotaxane. As shown in Table 2.6, the Δδ of the DB18C6 mixture peaks (“a”, “b”,
“d”, and “e”) were significantly higher than the chemical shifts observed in 18C6 mixture.
The presence of the aromatic rings on the DB18C6 which lead to the formation of several
non-covalent interactions such as π-π and CH- π stacking interactions between the host
molecule and the benzimidazolium rings of the guest. These interactions induced changing
the electronic properties of both host and guest by manipulating their dipole-dipole,
quadrupole-dipole, and quadrupole-quadrupole momentum (Figure 2.14).
Another set of experiments had been done with DB24C8 (host) and [3·H][PF6]
(guest). The 1H NMR comparison between isolated host/guest and an equimolar mixture of
both revealed the possible formation of corresponding [2]pseudorotaxane assemblies.
Comparing with 18C6 and DB18C6, DB24C8 contains a bigger cavity size which exhibits
less steric hindrance during the host-guest interpenetrating process. The geometry
advantages enable the association/dissociation equilibrium between free species and
[2]pseudorotaxanes favoured more to the association than the other two crown ethers.
Experimentally, proton “d”, which located between the electron-withdrawing nitro group and
imidazolium ring (proposed coordination center), showed a significantly larger chemical
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shift in [3·H·DB24C8][PF6] (0.044 ppm) than in [3·H·DB18C6][PF6] (0.023 ppm) and
[3·H·18C6][PF6] (0 ppm). All the data closely support each other and we conclude that the
DB24C8 is the most suitable crown ether for constructing benzimidazolium/crown etherbased pseudorotaxane comparing to 18C6 and DB18C6.
2.2.7.2

Formation of first-order pseudorotaxanes via snapping approach
As discussed in Chapter 1, polar solvent like DMSO is a big competitor during host-

guest encapsulation process and the usage of polar media will largely restrict the formation
of host-guest assemblies especially in solvent driving approaches like threading approach.
This trend was proven experimentally. Compared to [3·H][PF6], [3·H][BF4] is less soluble
in non-polar medias like CDCl3, the formation of [3·H][BF4] based [2]pseudorotaxanes is
less favorable with the threading approach. Instead of pure CDCl3, [3·H][BF4] was dissolved
in 60CDCl3:40DMSO-d6 solvent mixture. The 1H NMR comparisons between [3·H][BF4]
(host), DB24C8 (guest) and their 1:0.5, 1:1, and 1:2 mixture under same solvent system did
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not show significantly chemical shifts which indicated the formation of [2]pseudorotaxanes
was greatly hampered by strong dipolar protic solvent (DMSO). (Figure 2.16)
To avoid the usage of polar solvents during the host-guest assembly process and
approach higher-order pseudorotaxane assemblies with the bis-benzimidazole skeletons,
another attempt with the snapping approach was done. Experimentally, one of the protonated
monomers [3·H][BF4] was first complexed with DB24C8 and then coupled with another
monomer [2·H][BF4] to form the dimer inside the host cavity. In the beginning, the reaction
was performed at room temperature in CHCl3, which was a poor solvent for both monomers.
Surprisingly, after purification, a small amount of first-order [2] pseudorotaxane

Figure 2.16 Synthesis route toward [3·H·DB24C8] [BF4], (a) CHCl3, 25℃, (b) 0.2 equiv. NaI, 25℃. From top to
bottom are 1H NMR in DMSO (d6) of 3mM solution of [3·H][BF4] (guest), 3mM solution of [3·H·DB24C8] [BF4] and
3mM solution of DB24C8 (host) at 25℃.
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[3·H·DB24C8][BF4] was isolated with some uncoordinated dimer. We first analyzed
[3·H·DB24C8][BF4] with 1H NMR spectroscopy. As shown in Figure 2.16, the chemical
shifts of both the host (DB24C8) and the guest ([3·H][BF4]) in DMSO-d6were shown
separately to compare with the complexed [3·H·DB24C8][BF4]. There was a new peak at
7.95 ppm which can be correlated to the formation of new assemblies or an impurity from
the reaction mixture. The aromatic peaks which are close to the benzimidazolium ring
(proton “c”, “e”, “f”, “b”, and “a”) all shown upfield shifts which could be another piece of
evidence for the formation of [2] pseudorotaxane.
Table 2.7 Proton chemical shift changes for the host(DB24C8) and the guest ([3·H][BF4]) upon the formation of
[2]pseudorotaxane ([3·H·DB24C8][BF4])

[3·H·DB24C8][BF4]

Proton

[3·H][BF4]
δobs/ppm

DB24C8
δobs/ppm

δobs/ppm

Δδ/ppm

a

4.910

-

4.867

-0.043

b

7.720

-

7.681

-0.039

c

8.252

-

8.300

0.048

d

8.541

-

8.526

-0.015

e

8.205

-

8.168

-0.037

f

7.846

-

7.800

-0.046

1

-

6.971

6.952

-0.019

2

-

6.917

6.905

-0.012

3

-

4.093

4.069

-0.024

To further prove the formation of complex assembly, we analyzed the
[3·H·DB24C8][BF4] with high resolution (HR-ESI) mass spectroscopy, DOSY, and UVVis-fluorescence spectroscopy. (Figure 2.18) DOSY is a convenient and reliable method for
measuring the size distribution of pseudorotaxanes. Molecules with different sizes will be
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Figure 2.17 Pseudorotaxane formation. (A) 2D DOSY NMR spectra (300 MHz, DMSO-d6, 25℃) of [3·H][BF4] (guest, red),
DB24C8 (host, black), and ([3·H·DB24C8][BF4] (blue). (B), (C) UV-vis-Fluorescence spectra of host, guest and
[3·H·DB24C8][BF4] in DMSO (0.3 mM, 25℃), (D) ambient light, excitation at λ=365 nm appearance of 0.3 mM host, guest and
[3·H·DB24C8][BF4] in DMSO-d6, 25℃. (E) ESI-MS(+)spectra of [3·H·DB24C8][BF4].

expected to show considerably different diffusion coefficients. Once the small molecule was
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encapsulated in a bigger molecule, it would show a much smaller diffusion coefficient than
the uncoordinated species.117 The DOSY result matches well with this trend which both
uncoordinated host and guest diffused faster than the coordinated species.
The measurements of UV-Vis-fluorescence were carried out with 0.3 mM solution of
the isolated host, guest, and [3·H·DB24C8][BF4] in DMSO-d6. The guest showed two
absorbance bands at 281 nm and 340 nm whereas the host absorbed at 277 nm and 331 nm.
When the host complexed the guest, the absorption peak at 340nm showed a slight red-shift
to 347nm and the intensity of peak increased at the same time. A strong fluorescence
quenching effect of guest emission observed in the presence of host [3·H·DB24C8][BF4].
The uncoordinated guest showed two emission peaks at 413 nm and 435 nm (when excited at
370 nm) and these two emission peaks got completely quenched in [3·H·DB24C8][BF4]
under the same excitation and concentration. Moreover, the comparison of the appearance
under ambient light and UV-lamp (λ=365 nm) provided more evidence. As shown in Figure
2.18 D, under ambient light, the uncoordinated host and guest were colorless where the
coordinated [3·H·DB24C8][BF4] shown yellowish color under the same condition (0.3 mM,
DMSO-d6, room temperature). When the solution was excited at λ=365 nm, uncoordinated
guest and [3·H·DB24C8][BF4] did not show any fluorescence whereas the host emitted deep
blue fluorescence.
The HR-MSI mass spectrum displayed signal at m/z 738.2631 which matched well
with the calculated isotope pattern for [3·H·DB24C8][BF4] and stands out as another strong
evidence for the successful synthesis of the pseudorotaxane (Figure 2.18 D). It was
hypothesized that a loosely connected exo-structure would be highly unlikely to survive
ionization. Also, under the previous attempt with threading approach, the equimolar mixture
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of host and guest in DMSO-based solvent mixture barely showed any evidence for
supporting the exo/endo complexation which indicate the weak exo-interaction is not favored
in highly aprotic solvent system.
2.2.7.3

Formation of higher-order pseudorotaxanes via threading approach
As the next step towards obtaining higher-order assemblies, we then studied the

interaction of the fully protonated [5·3H][3BF4] with DB24C8, initially to determine the
conformational aspects and assembly behavior of this protonated dimer axel, and evaluate
the binding process using different approaches like advanced NMR studies, UV-Visfluorescence analysis.

Figure 2.18 From bottom to top are 1H NMR (DMSO-d6,3mM, 25℃) solution of [5·3H][3BF4] (guest), DB24C8(host),
and 1:1, 1:3 mixture of host and guest. Each NMR tubes were heated under 95 ℃ for 3h before the 1H NMR
measurements.

The encapsulation of [5·3H][3BF4] by DB24C8 was initially accomplished by
threading approach at high temperature (95 °C) since the threading events may need an extra
energy source for overcoming the energy barrier and steric hindrance in the polar solvent.
Two 6 mM stock solutions, one each of guest and host in pure DMSO-d6, were prepared
first.

For the pure hosts and guest, 0.3 mL of each stock solution was first transferred to an

NMR tube and diluted with 0.3 mL solvent to give a 3 mM sample concentration. For a 1:1
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(host: guest) mixture, 0.3 mL host and 0.3 mL guest were directly mixed in NMR tube, and
for 1:3 (host:guest), 0.2 mL host and 0.3 mL guest were mixed in NMR tube respectively.
All the samples were heated up to 95 °C in an oil bath for 3 h and gradually allowed to cool
down to 25 °C before the NMR spectra were obtained.
Table 2.8 Emission and particle size of [5·3H][3BF4] (guest), DB24C8 (host), Host: Guest, 1:1 and 3:1 in DMSO-d6.

[5·3H]
[3BF4]
(Guest)

DB24C8
(Host)

1:1

3:1

λemission
/nm

362

357

375

375

λabsorbance
intensity

140

58

50

8

Z-Average
/nm

259.1

1461

675.4

1270

Size /nm

259.3

491.7

578.5

882.1

St Dev /nm

23.36

36.11

41.65

64.71

PdI

0.720

0.736

0.265

0.512

Attenuator

11

10

11

10

Compound

Emission
under
300 nm
excitation

Particle
size

Host: Guest

Fluorescence and DLS size distribution results can provide another point of view for
host-guest exo- or endo-interaction. As shown in Figure 2.20 A and Table 2.8, the particle
sizes of 0.03 mM pure host and guest in DMSO-d6 is 491.7 nm and 269.3 nm, where the 1:1
and 3:1 mixture of host and guest showed a significant size increasing trend (578.5 nm for
1:1 and 882.2 nm for 3:1). Moreover, a gradual fluorescence quenching (emission intensity
decreased from 140 a.u. for pure guest to 50 a.u. for 1:1 mixture and 8 a.u. for 3:1 mixture)
and emission blue-shift (from 362 nm and 357 nm for pure guest and host to 341 nm for 1:1
and 1:3 mixtures) were observed in the host/guest mixtures which indicated the formation of
different exo/endo assemblies in pure DMSO-d6. (Figure 2.20 B and Table 2.8) As shown in
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Figure 2.20 C, the apparent differences between host/guest and their mixtures are
significant. Notably, the emission color of host:guest, 1:3 mixtures at 3 mM concentration
show a clear fluorescence quenching which matches well with the fluorescence measurement
results. Although the quenching effect could also be due to the high concentration, for this
case is more likely the complexation since the aggregation fluorescence greenish color.

Figure 2.19 Pseudorotaxane formation via threading approach. (A-B) Size distribution of [5.3H][3BF4] (guest, red),
DB24C8(host, black), and [5.3H][3BF4]:DB24C8*, 1:1 (green) and 1:3(blue) in DMSO (d6) (0.03mM, 25℃), (B)
Fluorescence spectra of guest (red), host (black), and host :guest, 1:1 (green) and 1:3(blue) in DMSO (d6) (3mM, 25℃)
(C) ambient light, excitation at λ=365 nm appearance of guest , host, and host :guest, 1:1 and 1:3 in DMSO (d6) under
different concentration.

Some preliminary studies with advanced NMR experiments such as ROESY,
NOESY and TOCSY investigated whether exo- or endo-interaction of the crown ether with
the axle induced a slow molecular motion of the protonated dimer, while the crown ether still
moved sufficiently to have a negative NOE. However, further detailed investigation of the
exo/endo encapsulation process by tracing the above-mentioned spectroscopic measurements
are certainly required and is ongoing within our groups. No conclusive results were attained
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Figure 2.20 From top to bottom is 1H NMR spectra in 60CDCl3:40DMSO-d6 of 6.67 mM solution of [3·H][BF4]
(guest); 6.67 mM solution of host with 0.5, 1 and 2 equiv. of guest and the proposed structure of [2]pseudorotaxane
[3·H·DB24C8][BF4]; 6.67 mM solution of DB24C8(host) at 25℃.

with the advanced NMR studies at that stage and due to the COVID-19, some further studies
had been postponed.
All in all, combining all the obtained data, the encapsulation of host and guest may
happen in DMSO-d6 under 95 °C. However, no clear conclusion can currently be made as to
whether the interactions between host and guest are endo or exo. Further complimentary
measurements such as HR-ESI spectra will probably provide more insights.
2.2.7.4

Formation of higher-order pseudorotaxanes via snapping approach
After the accidental formation of the first-order pseudorotaxane with a snapping

approach in CH3Cl at 25 °C, the reaction condition was changed accordingly to reach higher

Figure 2.21 Illustration of the snapping approach which condition (a) MeNO2/H2O 50/50 v/v%, 65℃, 1 hour; condition
(b) NaI (0.2 equiv.), 80℃, 26 h.
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order pseudorotaxanes with bis-benzimidazolium skeletons. The solubility of both monomers
can potentially affect the reaction progress, and the encapsulation reaction may need extra
energy to overcome the energy barrier and steric hindrance. Considering these factors, we
switched the solvent system from CHCl3 to MeNO2/H2O 50/50 v/v% (which was found to be
a good solvent for both monomers) and increased the reaction temperature from 25 °C to 6580 °C. (Figure 2.21) [3·H][BF4] was first mixed with DB24C8 in MeNO2/H2O 50/50 v/v%
and generously stirred at 65 °C for 1 h (condition a in Figure 2.21), then [2·H][BF4] and NaI
(0.2 equiv.) were added to the reaction mixture and heated up to 80 °C for another 26 h
(condition b in Figure 2.21). Under the same condition, parallel sets of reactions were
carried out with different equiv. of each reactant.
When [3·H][BF4]:DB24C8:[2·H][BF4], 1:1:1, both monomers were completely
consumed and converted to dimer, this was confirmed by both TLC and 1H NMR (no
corresponding spots/proton peaks belonging to the starting materials were observed in the
final products). To separate the uncoordinated DB24C8 from the complex, the reaction crude
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Figure 2.22 From top to bottom is the 1H NMR of 3 mM [2·H][BF4], [3·H][BF4], reaction product of
[3·H][BF4]:DB24C8:[2·H][BF4], 1:5:1 and 1:1:1, DB24C8 and [5·3H][3BF4] in DMSO-d6 at 25℃.

was purified by solvent wash (DCM and ethyl acetate, a good solvent for DB24C8 but poor
solvent for dimer and pseudorotaxanes). Complete removal of uncoordinated DB24C8 was
confirmed by TLC. Since the condensation between protonated monomers will lead to the
formation of a protonated dimer, the 1H NMR comparison between [5·3H][3BF4], isolated
DB24C8, and the reaction product was shown as Figure 2.22. Unthreaded [5·3H][3BF4]
showed two distinct singlet proton peaks at 4.599 ppm and 5.023 ppm for the benzylic
methylene groups (labelled as “a” and “h”); upon the coordination, two side peaks close to
proton “a” were observed which can be due to the encapsulation or the interaction between
host and guest outside the cavity. The aromatic protons labelled as “c”, “b” and “j”, “i” were
shown as doublet of doublets (“c” and “b”) and triplet (“j” and “i”) in the uncoordinated
axle. However, the appearance of these peaks changed significantly in the presence of
DB24C8. Proton “c” and “b” merged to one multiplet and proton “j” and “i” separated to
89

doublet of doublets. Moreover, proton “d” which located between N+H (1) and N+H (3)
showed a significantly upfield shift from 6.982 ppm to 7.068 ppm and the shape also
changed from doublet to board singlet. (Table 2.9) Comparison between the host and the
1:1:1 reaction product, the peaks related to DB24C8 did not show a significant shift and the
integration of each peak revealed that the ratio between uncoordinated [5·3H][3BF4] with
the possible coordinated product is 4:1. (Figure 2.22) Based on the chemical shift and proton
integration, we propose that under these equimolar reaction conditions the desired
macrocycle [5·3H·DB24C8][3BF4] formed in a relatively low yield.
To approach higher-order assemblies and increase the yield of coordinated species
over uncoordinated host/guest, the amount of DB24C8 was increased from 1 equiv. to 5
equiv. The same reaction protocol has been used here and after confirming all the monomers
were consumed by TLC, a general workup followed by solvent wash was accomplished to
ensure complete removal of uncoordinated DB24C8. Comparison of the spectral data of this
reaction to the isolated host and guest, protons “a” and “h” both shift downfield by
0.015 ppm (“a”) and 0.021 ppm (“h”). Moreover, proton “c” and “b” merged to one doublet
at 7.602 ppm. Proton “i” changed its shape from one doublet to a doublet of doublet at 8.167
ppm-8.189 ppm, proton “j” made an upfield shift from 8.254 ppm to 8.211 ppm (Table2.9).
The integration between host and guest proton peaks indicated that the coordinated species
might include one guest molecule and two host molecules in its structure. Since the
coordination between host and guest would only affect the protons close to the coordination
sites, and the chemical shifts around two benzimidazolium rings were more significant than
other protons, we proposed that two DB24C8 rings are occupied at both benzimidazoliums
sites as shown in Figure 2.23.
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Table 2.9 Proton chemical shift changes for the host(DB24C8) and the guest ([5·3H][3BF4]) upon the formation of
pseudorotaxane under the reaction equiv. of [3·H][BF4]:DB24C8:[2·H][BF4], 1:1:1 and 1:5:1.

[5·3H]
[3BF4]
(Guest)
δobs/ppm

DB24C8
(Host)
δobs/ppm

a

4.620

c

Proton

[3·H][3BF4]:DB24C8:[2·H][BF4]
1:1:1

1:5:1

δobs/ppm

Δδ

δobs/ppm

Δδ

-

4.627
4.607

0.007
0.013

4.615

0.005

7.616

-

7.609

0.007

7.602

0.014

d

7.055

-

7.079

-0.024

7.116

-0.061

f

7.804
(board)

-

7.804
(sharp
doublet)

0

7.804
(sharp
doublet)

0

h

5.063

-

5.044

0.019

5.044

0.019

i

8.051

-

8.044

0.007

8.016

0.035

j

8.266

-

8.239

0.027

8.211

0.055

k

8.519
(board)

-

8.512
(sharp)

0.007

8.519
(sharp)

0

m

6.802

-

6.826

-0.024

6.850

-0.048

1

-

6.969

6.966

0.003

6.959

0.01

2

-

6.918

6.901

0.017

6.901

0.017

3

-

4.093

4.083

0.01

4.070

0.023

4

-

3.792

3.784

0.008

3.774

0.018

5

-

3.696

3.687

0.009

3.676

0.02

The formation of the proposed [2]pseudorotaxane and [3]pseudorotaxane were
further supported by optical behavior comparison and size distribution measurements (DLS)
(Figure 2.23 and Table 2.10). All the measurements were accomplished using a 0.3 mM
solution of each compound in DMSO-d6.
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Table 2.10 Optical behavior(absorption and emission) and particle of [3·H][BF4], [2·H][BF4], DB24C8, [5·3H][3BF4],
[3·H][BF4]:DB24C8: [2·H][BF4], 1:1:1 and 1:5:1 in 90DMSO:10H2O.

[3·H]
[BF4]

[2·H]
[BF4]

[5·3H]
[3BF4]
(Guest)

DB24C8
(Host)

λabsorbance
/nm

288
342

274
347

394

λabsorbance
intensity

3.087
1.815

1.611
2.582

λemission
/nm

571

λabsorbance
intensity

Compound

Optical
behavior

Particle
size

[3·H][BF4]:DB24C8:
[2·H][BF4]
1:1:1

1:5:1

278

383

386

3.942

2.093

4.011

3.703

518

520

No
emission

524

524

0.602

3.559

2.747

-

3.851

4.366

Z-Average
/ nm

782.7

506.1

512.0

564.1

1467

2499

Size / nm

298.5

857.7
204.5

234.0

112.6

458.7

1048.1

St Dev /
nm

32.26

156.5
27.96

24.33

8.227

5.395e-6

142.0

PdI

0.804

0.806

0.748

0.961

0.896

0.595

Attenuator

11

11

11

11

11

10
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Each group of DLS measurements were repeated for three times and the results showed
here were the average values for three trials. According to the DLS measurements results, the
complexed assemblies formed at [3·H][BF4]:DB24C8:[2·H][BF4], 1:5:1, showed the
particle diameter of 1048.1 nm, which was 4-10 times larger than the size of uncoordinated
guest ([5·3H][3BF4], 234.0 nm) and host (DB24C8, 112.6 nm). This size increasing trend
were also detected for [3·H][BF4]:DB24C8:[2·H][BF4], 1:1:1, reaction product (458.7 nm).
The encapsulation of guest and host had a significant effect on the size distribution, with the
higher-order assemblies like [3]pseudorotaxane showed a larger particle diameter than lower
assemblies ([2]pseudorotaxane).

The optical behavior also indicated the formation of a

different form of assembly. As shown in Figure 2.23 B, under ambient light, the two
monomers (2 and 3) and host are colorless while triprotonated 5 and the pseudorotaxane

Figure 2.23 Pseudorotaxane formation via snapping approach. A) DLS measurement. B) from left to right is of 0.3 mM
[3·H][BF4], host (DB24C8), [2·H][BF4], guest ([5·3H][3BF4]) and [3·H][BF4]:DB24C8:[2·H][BF4], 1:1:1and 1:5:1(*)
in DMSO-d6 under ambient light(top), excitation at λ=365 nm (bottom) appearance at 25℃. C-D) UV-vis-Fluorescence
spectra under 450 nm excitation at 25℃.
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reaction products shown a light-yellow color. The appearance difference of each compound
under UV-lamp (λ=365 nm) is more significant. Isolated host and guest all showed a
moderate deep blue emission where the proposed pseudorotaxanes emitted strong cyan color
under the same excitation. Since both TLC and 1H NMR shown a complete consumption of
monomer [2·H][BF4], the emission color of reaction mixtures was not caused by the leftover
[2·H][BF4] but only by the formation of host-guest assemblies.
Conclusion and future work
A series of benzimidazolium/bis-benzimidazolium based axles were successfully
synthesized and purified with different counter-ions. Combining the computational
calculation with experimental results, the special aggregation and solvent dependent optical
behavior of benzimidazole/bis-benzimidazole skeletons had been well investigated. The
synthesis of the first-order and higher-order pseudorotaxanes had been accomplished by two
different methods. Based on the solubility of different counter-ion coordinated skeletons, the
threading approach had been used for constructing first-order pseudorotaxanes with highly
soluble axle and variant cavity size crown ethers. The snapping approach has been employed
for constructing pseudorotaxanes with low solubility axles.
Future work on this project includes the optimization of the synthetic condition of
different pseudorotaxanes through the snapping approach. Once complete, measurements
such as mass spectra, advanced NMR studies (DOZY, NOESY and ROESY) can be finished
to further proof the formation of pseudorotaxane. The association/dissociation and shutting
motions can also be evaluated through VT-NMR.
The overall goal of synthesizing and analyzing bis-benzimidazole axles and their
corresponded pseudorotaxanes were accomplished. Further work on the optimization of the
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synthetic approach toward higher-order pseudorotaxanes must still be undertaken as these
assemblies possess a series of interesting properties and this work also provides the
infrastructure for benzimidazole based self-immolative oligomers/polymers,
polypseudorotaxanes, and MTs.
2.3 Development of benzimidazolium based self-immolative oligomers and polymers
Introduction
The preliminary experimental and computational studies on benzimidazole-based
pseudorotaxanes pave the way toward the formation of higher-order polypseudorotaxanes
with the same architecture. To achieve our long-term goal of new cross-linked hollow
molecular tubes, development of SIPs with degenerate recognition sites is the second step
after a successful synthesis of novel self-immolative precursors.
Self-immolative oligomers and polymers have been well investigated since 2008.
Taking advantage of their stimulus-responsive depolymerizing architectures, SIPs can be
potentially used in fields such as drug delivery and biological sensors. Due to the strong
nucleophilicity of ammonium functionalities, their use in constructing self-immolative
skeletons had been greatly hampered because strong nucleophilic groups may initiate the
undesired depolymerization. Benzimidazole can be a suitable alternative for addressing the
nucleophilicity problem caused by ammonium functionalities.
This section will discuss the preliminary studies on the benzimidazole based novel
self-immolative oligomers (SIOs) and SIPs.
Organic Synthesis toward self-immolative monomers and self-immolative polymers
The synthesis of SIOs and SIPs were carried out using two approaches. The first
procedure started with compound 2. Phosgene is widely used as a reagent for synthesizing
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carbonates and carbamates, via chloroformate intermediates. When compound 2 was added
drop-wise to 1.2 equiv. phosgene followed by 2 equiv. of trifluoroacetic acid in
tetrahydrofuran at −50 °C, all the starting material was consumed after 3 h (as determined by
TLC) and converted to another new spot which was determined to be the benzimidazolebased tetramer, [oligomer-1][CF3COO]. To prove the oligomerization had occurred, another
reaction using 2 equiv. of p-toluenesulfonic acid was accomplished under the same reaction
procedure. After a general workup, another oligomer with the TsO− as counter-ion was
isolated and recognized as [oligomer-2][TsO]. (Scheme 2.4)

Scheme 2.4 Synthetic approach toward [oligomer-1][CF3COO] and [oligomer-2][TsO]

After the formation of oligomers with phosgene, another synthetic route toward the
benzimidazole carbamate was carried out with a milder reagent, (4-nitrophenoxy)carbonyl
chloride. First, the amine group within compound 2 was protected with the Boc group to
avoid the unintended polymerization. This protection was accomplished by three different
procedures. The first attempt was finished by using 3 equiv. di-tert-butyl dicarbonate and 0.1
equiv. 4-dimethylaminopyridine at 65 °C in THF. Only a small amount of 3 was converted to
the desired product after 3 h and side-products formed rapidly during workup. After
purification the desired product, 6, was isolated in a low yield. To improve the isolated yield
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and simplify the purification, another procedure with 0.9 equiv. di-tert-butyl dicarbonate and
2 equiv. potassium bis(trimethylsilyl)amide (KHMDS) at 45 °C was done with a slight
improvement in %yield (to 20%). While tracing the reaction progress, we found that the
formation of undesired side-products may due to the high reaction temperature. To prove this
hypothesis, the reaction temperature was decreased to 25 °C and NaI was used instead. The
overall yield increased to 55% with this approach and the crude was easily purified by
column chromatography.
After protecting the amine with a Boc group, the alcohol was elaborated into the
desired SIP precursor using with 2 equiv. (4-nitrophenoxy)carbonyl chloride, 0.1 equiv.
4-dimethylaminopyridine, and 2 equiv. pyridine in anhydrous dichloromethane. After the
general workup procedure, 7 was isolated respectively with a 60% yield.

Scheme 2.5 Synthesis approach toward compound 6 and 7.

By using 7 as a self-immolative monomer equivalent, a series of polymerization
reactions were performed under various reaction conditions and reactant equivalents. The
optimized conditions for polymerization involved the use of 1 equiv. TFA in
dichloromethane at 25°C to deprotect the amine. Under these conditions the deprotected
compound underwent spontaneous polymerization, which was stopped by solvent
evaporation after 30 min. The resultant crude uncapped polymer was re-dissolved in DMF at
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25 °C in the presence of 2.5 equiv. N,N-diisopropylethylamine, and end-capped in situ by the
addition of different equiv. of end-capping reagent, 7. The addition of 0.1 equiv. end-cap
reagent led to a 29-mer (polymer-1) where the addition of 0.01 equiv. of end-cap lead to a
thousandmer (polymer-2). (Scheme 2.6)

Scheme 2.6 Synthesis approach toward compound Polymer-1 and Polymer-2

Result and discussion
2.3.3.1

Purification of SIOs and SIPs by dialysis tubing
Dialysis tubing, also known as Visking tubing, is an artificial semi-permeable tubing

which had been extensively used for separating polymers by size differences.118 Dialysis
membranes are manufactured in different pore sizes. Sample molecules that are larger than
the pores are retained, but smaller molecules will pass through the membrane to achieve the
purification purposes. In this project, two different pore-sized dialysis membranes, 100500 Da molecular weight-cutoff (MWCO) and 500-1000 Da MWCO, were used for
selectively purifying the SIOs and SIPs.
For SIOs, the particle sizes are smaller, so the 100-500 Da MWCO was used for
purifying [oligomer-1][CF3COO] and [oligomer-2][TsO]. The crude reactions (700 mg)
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were completely dissolved in a small amount of 50DMF:50H2O solvent mixture (12 mL) and
then subjected
Table 2.11 Dialysis condition and GPC results for [oligomer-1][CF3COO], [oligomer-2][TsO], polymer-1 and polymer-2.

SIOs/SIPs

[oligomer-1]
[CF3COO]

[oligomer-2]
[TsO]

polymer-1

polymer-2

Dialysis
membrane
size

100-500nm
cutoff

100-500nm
cutoff

500-1000nm
cutoff

500-1000nm
cutoff

Solvent
for
dialysis

50DMF50H2O

50DMF-50H2O

20DMF-80H2O

30DMF-70H2O

GPC
solvent

DMF

DMF

DMF

DMF

Mn

1.430e+3(8%)

1.494e+3(8%)

4.267e+3(8%)

3.183e+5(8%)

Mp

1.758e+3(8%)

1.874e+3(8%)

4.834e+3(8%)

4.266e+5(8%)

Mw

2.718e+3(18%)

1.808e+3(18%)

7.951e+3(8%)

3.711e+5(8%)

Mz

1.884e+3(8%)

1.494e+3(8%)

1.579e+4(18%)

4.208e+5(18%)

Mw
monomer

494.33

610.67

266.28

266.28

n

4

2

29

1393

to dialysis. The membranes were submerged inside 1200 mL H2O and stirred for 24 h. The
H2O bath was refreshed every 12 h. The solutions remaining in the membranes were
collected and the solvent was removed under reduced pressure to yield the SIOs. Gel
permeation chromatography (GPC) is one of the most powerful and versatile analytical
techniques available for understanding and predicting polymer performance.119 SIOs were
dissolved in DMF and subjected to GPC for a detailed investigation of their molecular
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weight (Mw) and other information. According to the GPC results, [oligomer-1][CF3COO]
showed a Mw at 2.718e+3, which indicated that it contained 4 repeating units in its structure.
[oligomer-2][TsO] showed a smaller Mw of 1.808e+3, meaning [oligomer-2] contained 2
repeating units in its chain. One of the reasons for this phenomenon can be the pKa
difference between TFA (pKa=0.23) and TsOH (pKa=−2.8). Both reactions need to be
repeated for another few runs for a better conclusion
For SIPs, the particle sizes will be larger than SIOs, so the 500-1000 Da MWCO was
used for purifying polymer-1 and polymer-2. The reaction crudes (80 mg) were completely
dissolved in a small amount of 10DMF:90H2O solvent mixture (6 mL) and then subjected to
the dialysis membranes. After a similar procedure, polymer-1 and polymer-2 were isolated
and subjected to GPC. Polymer-1, which was capped with 0.1 equiv. end-cap reagent,
showed a Mw at 7.951e+3, which indicated that it contained 29 repeating units in its
structure. In contrast, polymer-2, which was capped with less end-cap reagent (0.01 equiv.)
during polymerization, showed a significantly larger Mw (3.711e+5). This observation is
consistent with our initial conjecture in which a smaller amount of end-cap will be slower to
pause the polymerization reaction and thus result in a longer polymer chain. One reason for
the low yield is that the growing polymer is constantly in competition with depolymerization.
Chains that aren’t end-capped degrade to small molecules, and not to starting material.
Decomposition is irreversible and un-endcapped chains are lost. Although low amounts of
end-cap allow for longer polymers, they also result in more decomposition. However, this is
a reaction optimization problem, and we do not believe it unsolvable. Unfortunately, due to
the circumstances surrounding COVID-19 these studies were not conducted and will have to
be followed-up in the future.
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2.3.3.2

Preliminary depolymerization study of pH-sensitive SIOs
Acid or base sensitive end-caps and SIPs had been widely studied over the last

decades. The use of single hydrogen ion and Boc-protecting group as acid/base sensitive
end-caps has already been well demonstrated on different polymer skeletons. The use of
benzimidazole derivatives for constructing SIPs has never been reported. In this study, some
preliminary studies of the self-immolative ability of benzimidazole based pH-sensitive SIOs
and SIPs have been accomplished by 1H NMR spectroscopy.

Scheme 2.7 Proposed base-depolymerization mechanism for SIOs which end-capped by hydrogen atoms.

The proposed depolymerization mechanism of base sensitive SIOs is shown in
Scheme 2.7. Upon the addition of base, the benzimidazolium and ammonium groups will be
deprotonated and the lone pair electrons of the amine group will initiate the
depolymerization reaction by 1,6-elimination mechanism. To prove the base sensitivity of
hydrogen-capped SIOs, we first demonstrated a set of base-depolymerization experiments
with [oligomer-1][CF3COO] by using N,N-diisopropylethylamine (DIPEA) and
triethylamine (Et3N) as deprotonation reagents.
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The depolymerization was closely monitored by 1H NMR spectroscopy. 3 mg of
[oligomer-1][CF3COO] was first dissolved in 0.5 mL DMSO-d6 to achieve a 2 μM
homogeneous solution and then transferred to NMR tube. The 1H NMR spectrum before the
addition of base was shown at the bottom of Figure 2.24. DIPEA was added directly to the
NMR tube and the spectrum of an elevated amount of DIPEA was compared with the
original 1H NMR before the addition. The original spectrum showed one broard peak at
8.139 ppm and two singlets at 7.515 and 7.160 ppm. The NMR spectra of the basified
systems were measured within 3-10 min after the addition. Upon the addition of 10 μL
DIPEA, a sharp peak arose at 10.201 ppm and became more significant when the amount of
DIPEA increased. Moreover, several sharp peaks were observed in the area between

Figure 2.24 Tracing the depolymerization of 2 μM [oligomer-1][CF3COO] with the addition of 10 μL-50 μL DIPEA.

9.205 ppm to 4.467 ppm which indicated the formation of different kinds of proton
environments as a result of depolymerization. Addition of 20 μL DIPEA increased the size of
the new peaks, but addition of a further 20 μL DIPEA (for 50 μL total) did not result in a
significant variation, which indicated that the oligomer was fully depolymerized after the
addition of 30 μL DIPEA.
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Figure 2.25 Tracing the depolymerization of 2μl [oligomer-1][CF3COO] with the addition of 10μl-240μl Et3N.

Similar 1H NMR measurements were accomplished with Et3N. (Figure 2.25) 10 μL
Et3N was added to the 2 μM solution of [oligomer-1][CF3COO] in DMSO-d6. The resultant
1

H NMR spectrum showed that the board peak at 8.139 ppm was split into two sharp peaks

and two singlets also stared convert to different sharp peaks between 7.155-8.398 ppm. The
emerging of new proton chemical peaks stopped when the amount of Et3N reached 50 μL
and the 1H NMR did not show any significant changes when additional Et3N was added
(140 μL and 240 μL). This observation is consistent with the DIPEA depolymerization
experiments which also indicated complete depolymerization of [oligomer-1][CF3COO].
The base-degradation studies with Et3N and DIPEA showed that [oligomer1][CF3COO] is a stable compound at room temperature until it is exposed to a certain
amount of base, at which point the protonated benzimidazolium and ammonium moieties
within the oligomer will be deprotonated and trigger the depolymerization of the whole
chain. The pH-sensitivity studies of benzimidazole based SIOs and SIPs are ongoing and
further investigations on the optical behavior, particle size (DLS) and Mw shifting upon the
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changing of pH will provide more insight into the pH-sensitivity of benzimidazolium based
SIOs and SIPs.
Conclusion of this research
•

A series of benzimidazole based bis-, tris, SIOs and SIPs were successfully synthesized
and separated with different chain length.

•

The optical behavior of benzimidazole derivatives was analyzed as a function of
aggregation, solvatochromism, and host-guest assembly.

•

The recognition ability of benzimidazolium over DB24C8 was accomplished via directly
threading and snapping approaches. The resulted assemblies were characterized by
different analytical strategies include UV-Vis-fluorescence spectroscopy, NMR and DLS
measurements.

•

The preliminary studies of base-induced depolymerization properties of benzimidazole
based self-immolative oligomer was demonstrated with both DIPEA and Et3N.
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Chapter3. Experimental
3.1 General comments
Solvents were purchased from Caledon Labs (Caledon, Ontario), Sigma-Aldrich
(Oakville, Ontario) or VWR Canada (Mississauga, Ontario). Other chemicals were
purchased from Sigma-Aldrich, AK Scientific, Oakwood Chemicals, Alfa Aesar or Acros
Chemicals and were used without further purification unless otherwise noted. Anhydrous
toluene, tetrahydrofuran (THF), diethyl ether and N,N-dimethylformamide (DMF) were
obtained from an Innovative Technology (Newburyport, USA) solvent purification system
based on aluminium oxide columns. CH2Cl2, pyridine, acetonitrile, N,Ndiisopropylethylamine (DIPEA) and NEt3 were freshly distilled from CaH2 prior to use.
Purified water was obtained from a Millipore deionization system. DMSO was equipped
with previously washed 4 Å molecular sieves. All heated reactions were conducted using oil
baths on IKA RET Basic stir plates equipped with a P1000 temperature probe. Thin layer
chromatography was performed using EMD aluminum-backed silica 60 F254-coated plates
and were visualized using either UV-light (254 nm), KMnO4, vanillin, Hanessian’s stain, or
Dragendorff’s stain. Preparative TLC was done using glass-backed silica plates (Silicycle) of
either 250, 500, 1000 or 2000 μm thickness depending on application. Column
chromatography was carried out using standard flash technique with silica (Siliaflash-P60,
230-400 mesh Silicycle) under compressed air pressure. Standard work-up procedure for all
reactions undergoing an aqueous wash involved back extraction of every aqueous phase, a
drying of the combined organic phases with anhydrous magnesium sulphate, filtration either
using vacuum and a sintered-glass frit or through a glass-wool plug using gravity, and
concentration under reduced pressure on a rotary evaporator (Buchi or Synthware). 1H NMR
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spectra were obtained at 300 MHz or 500 MHz, and 13C NMR spectra were obtained at 75 or
125 MHz on Bruker instruments. NMR chemical shifts (δ) are reported in ppm and are
calibrated against residual solvent signals of CHCl3 (δ 7.26), DMSO-d6 (δ 2.54), acetone-d5
(δ 2.05), or methanol-d3 (δ 3.31). HRMS were conducted on a Waters XEVO G2-XS TOF
instrument with an ASAP probe in CI mode. The hydrodynamic diameters of the aggregation
assemblies were measured by dynamic light scattering (DLS) using a Zetasizer Nano Series
ZS instrument from Malvern Instruments, at room temperature (25 ºC) in a 1 cm path length
glass cuvette. The SEC instrument was equipped with a Viscotek GPC Max VE2001 solvent
module. Samples were analyzed using the Viscotek VE3580 RI detector operating at 30°C.
The separation technique employed two Agilent Polypore (300x7.5mm) columns connected
in series and to a Polypore guard column (50x7.5mm). Samples were dissolved in DMF
(glass distilled grade) in approximately 5mg/mL concentrations and filtered through 0.22 μm
syringe filters. Samples were injected using a 100μL loop. The DMF eluent was filtered and
eluted at 1ml/min for a total of 30 minutes. A calibration curve was obtained from
Polystyrene samples with molecular weight ranges of 1,540-1,126,000/mol. Fluorescence
measurements were made on a Varian Cary Eclipse spectrofluorometer at 25℃. UltravioletVisible (UV-Vis) measurements were made on Cary 8453 UV/Vis spectrophotometer at
25℃.
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3.2 Experimental
Synthesis of 4-(Hydroxymethyl)benzaldehyde

Scheme 3.1 Synthesis of compound 4-(Hydroxymethyl)benzaldehyde

1,4-Benzenedicarboxaldehyde(2.00g,14.9mmol) was partially dissolved in anhydrous
EtOH (2.5ml) under a nitrogen atmosphere in a flame-dried 250ml one-necked round bottom
flask equipped with a magnetic stirring bar and then followed with THF (35ml). To the
resulting stirred solution, NaBH4 (0.141g, 0.25eq, 3.7mmol) was added at -5°C in a small
portion over 30 minutes. Then the reaction mixture was stirring at 0°C for 4 hours. The
reaction would not proceed to completion because extra NaBH4 would lead to the formation
of side-products. The reaction mixture was then adjusted to pH=5 with 2M HCl. The solvent
was removed under reduced pressure. To the result solid, H2O (40ml) was added and
extracted extensively with ethyl acetate for 3 times. The organic phase was collected, dried
over MgSO4, filtered and the solvent removed under reduced pressure. The crude product
was purified via column chromatography eluting hexanes/ ethyl acetate (6:4 v/v) to yield a
white solid; Yield: 1.31g, 65% (reaction was repeated for several times and actual yield
range is 50%-65%); 1H-NMR (300 MHz, CDCl3) δ= 4.82 (1H, d, J=4.09 Hz), 7.55 (1H, d,
J=8.04 Hz), 7.89 (1H, d, J=8.18 Hz), 10.02 (1H, s). Values are in accordance with
literature.120
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Synthesis of (4-(6-nitro-1H-benzo[d]imidazol-2-yl)phenyl)methanol (1)

Scheme 3.2 Synthesis of compound 1.

4-(Hydroxymethyl)benzaldehyde (2.5g, 1.5eq, 18.4mmol) and ZrCl3(0.29g, 0.1eq,
1.23mmol) were combined and dissolved in HPLC grade acetonitrile (500ml) in a 1000ml
one-necked round bottom flask equipped with a magnetic stirring-bar and stirred for 15
minutes under a nitrogen atmosphere as the solution get clear. The 4-Nitro-1,2benzenediamine (1.9g, 1eq, 12.3mmol) was then added to the solution and stirred at room
temperature for 30h under ambitious condition until the reaction was determined to be
complete by TLC. Triethylamine(2.4ml) was added and stirred for another 5 minutes.
Evaporate all the solvent under reduced pressure to afford the crude. Recrystallize the crude
with acetonitrile. The product was isolated as a milky powder; Rf=0.175 (9:1, ethyl acetatehexane); Yield: 3.716g, 75% (reaction was repeated for several times and actual yield range
is 70%-75%). 1H NMR (300 MHz, DMSO-d6) δ=4.64 (1H, s), 7.58 (1H, d, J=7.89 Hz), 7.84
(1H, d, J=8.62 Hz), 8.20 (1H, d, J=8.92 Hz), 8.27 (1H, d, J=7.89 Hz), 8.52 (1H, s). 13C-NMR
(DMSO-d6) δ=63.47 (1C, s), 112.55 (1C, s), 115.73 (1C, s), 119.53 (1C, s), 127.17 (1C, s),
128.11 (1C, d, J=17.05 Hz), 138.98 (1C, s), 143.11 (1C, s), 144.05 (1C, s), 147.52 (1C, s),
156.34 (1C, s). HR-MS (ASAP): calc for [M+H]+, [C14H12N3O3]+, m/z= 270.0885, found
m/z=270.0879.
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Synthesis of (4-(6-amino-1H-benzo[d]imidazol-2-yl)phenyl)methanol (2)

Scheme 3.3 Synthesis of compound 2

1 (4g, 1eq, 14.9mmol) was partially dissolved in the 175ml mixed solution of 140ml
anhydrous methanol and 36ml anhydrous THF in 250ml flame-dried two-necked round
bottom flask equipped with a magnetic stirring-bar under a nitrogen atmosphere. 10% wt%
Pd/C (0.4g, 0.25eq, 3.8mmol) was added and vacuumed all the nitrogen gas. Equipped the
flask with two hydrogen gas balloons and stirred the mixture at 80°C with reflux for 20h
until the reaction was determined to be complete by TLC. The mixture was passed through a
pad of CeliteTM (5g) and rinsed with methanol for several times until the filtrate get clear.
Evaporate all the solvent under reduced pressure to afford the crude. Recrystallize the crude
with THF: MeOH: Et2O=1:1:0.5 solvent mixture. The product was isolated as a brown
powder; TLC: Rf=0.44 (8:2:1, ethyl acetate-hexanes: methanol); Yield: 2.148g, 60%.
(reaction was repeated for several times and actual yield range is 20%-60% since the catalyst
lost its efficiency overtime) 1H-NMR (300 MHz, DMSO-d6) δ=4.64 (1H, s), 5.46 (1H, s),
6.97 (1H, d, J=9.55 Hz), 7.09 (1H, s), 7.56 (1H, d, J=8.77 Hz), 7.61 (1H, d, J=8.26 Hz), 8.15
(1H, d, J=8.29 Hz). 13C-NMR (300 MHz, DMSO-d6) δ=63.54 (1C, s), 97.08 (1C, s),
112.57 (1C, s), 117.87 (1C, s), 126.56 (1C, d, J=12.62 Hz), 127.65 (1C, s), 128.88 (1C, s),
130.27 (1C, s), 139.41 (1C, s), 144.36 (1C, s), 145.68 (1C, d, J=4.94 Hz), 149.81 (1C, d,
J=6.59 Hz). HR-MS (ASAP): calc for [M+H]+, [C14H14N3O]+, m/z=240.1138, found
m/z=240.1139.
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Synthesis of 2-(4-(chloromethyl)phenyl)-6-nitro-1H-benzo[d]imidazole (3)

Scheme 3.4 Synthesis of compound 3

1 (5g, 1eq, 18.6mmol) was partially dissolved in DCM (93ml) in 250ml flame-dried
two-necked round bottom flask equipped with a magnetic stirring-bar under a nitrogen
atmosphere. At 0°C, dry pyridine (21.39mmol, 1.15eq, 1.7ml) was added and followed with
triphosgene (2.21g, 0.4eq, 7.44mmol). The reaction mixture was first graduate warmed up to
room temperature and then heated to 40°C for 20h until the reaction was determined to be
complete by TLC. Evaporate all the solvent under reduced pressure. Dilute the solid with
hexanes (92.5 ml). Crude was isolated by filtration. Recrystallize the crude with CH3CN and
then wash the solid several times with hexanes to afford the hermosa pink powder as pure
product; TLC: Rf=0.79 (8:2:1, ethyl acetate-hexanes-methanol); Yield: 3.745, 70% (reaction
was repeated for several times and actual yield range is 65%-70%); 1H-NMR (500 MHz,
DMSO-d6) δ=4.64 (1H, d, J=4.44 Hz), 5.39 (1H, s), 7.58 (1H, d, J=7.92 Hz), 7.79 (1H, d,
J=8.86 Hz), 8.16 (1H, d, J=2.25 Hz), 8.18 (1H, d, J=2.25 Hz), 8.22 (1H, d, J=8.32 Hz), 8.50
(1H, s); 13C-NMR (500 MHz, DMSO-d6) δ=45.35 (1C, s), 111.73 (1C, s), 114.68 (1C, s),
118.44 (1C, s), 127.17 (1C, s), 127.48 (1C, s), 127.77 (1C, s), 129.52 (1C, s), 140.81 (1C, s),
141.76 (1C, s), 142.99 (1C, s), 154.70 (1C, s). HR-MS (ASAP): calc for [M+H]+,
[C14H11ClN3O2]+, m/z= 288.0544, found m/z=288.0540.
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Synthesis of 2-(4-(chloromethyl)phenyl)-6-nitro-1H-benzo[d]imidazole hydrogen
tetrafluoroborate ([3·H][BF4])

Scheme 3.5 Synthesis of compound [3·H][BF4]

3 (300mg, 1eq, 0.91mmol) was suspended in 178ml dry Et2O in a 250ml one-necked
round bottom flask which equipped with a magnetic stirring-bar under ambient condition.
Dropwise add the tetrafluoroboric acid diethyl ether complex (91μl, 1.1eq, 1.001mmol) to
the stirred solution. After 20 minutes, add 1.4ml cold Et2O and stirred for another 20
minutes. Light pink solid formed efficiently after cooling in the freezer for 1 hour. Filter the
solid and wash it several times with Et2O and hexanes to afford the hermosa pink powder as
pure product; TLC: Rf=0.79 (8:2:1, ethyl acetate-hexanes-methanol); Yield: 283mg, 83%
(reaction was repeated for several times and actual yield range is 83%-85%); 1H-NMR (500
MHz, DMSO-d6) δ=4.91 (1H, s), 7.72 (1H, d, J=8.26 Hz), 7.85 (1H, d, J=8.88 Hz), 8.20
(1H, d, J=2.21 Hz), 8.22 (1H, d, J=2.19 Hz), 8.31 (1H, d, J=8.27 Hz), 8.54 (1H, d, J=2.09
Hz); 13C-NMR (500 MHz, DMSO-d6) δ=46.51 (1C, s), 112.98 (1C, s), 115.78 (1C, s),
119.36 (1C, s), 128.48 (1C, s), 129.36 (1C, s), 130.62 (1C, s), 141.72 (1C, s), 143.99 (1C, s),
156.04 (1C, s). HR-MS (ESI): calc for [M+H]+, [C14H11ClN3O2]+, m/z=288.0540, found m/z=
288.0547.
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Synthesis of 2-(4-(chloromethyl)phenyl)-6-nitro-1H-benzo[d]imidazole hydrogen
hexafluorophosphate ([3·H][PF6])

Scheme 3.6 Synthesis of compound [3·H][PF6]

3 (300mg,1.05mmol) was dissolved with anhydrous EtOH (33ml) in 100ml onenecked round bottom flask which equipped with a magnetic stirring-bar under ambient
condition. Concentrated HCl (1.02ml, 4eq) was added dropwise to the solution and stirred
for 10 minutes. Remove the solvent under pressure and then suspended the solid in 66.12ml
DCM. To the stirred mixture, slowly add 4.98ml saturated NH4PF6/MeOH solution and
stirred until the suspension got clear. Evaporate the solvent under pressure and then redissolve the solid with 50ml DCM. To the DCM solution, washed with brine and dried over
MgSO4. Evaporate the solvent under pressure to afford the crude. Washed the solid with
Et2O and evaporate the Et2O layer to afford the yellow powder as pure product. TLC:
Rf=0.79 (8:2:1, ethyl acetate-hexanes-methanol); Yield: 259.69mg, 57% (reaction was
repeated for several times and actual yield range is 50%-57%); 1H-NMR (500 MHz, DMSOd6) δ=4.91 (1H, s), 7.71 (1H, d, J=8.39 Hz), 7.83 (1H, d, J=9.00 Hz), 7.99 (1H, s), 8.18
(1H, d, J=2.29 Hz), 8.20 (1H, d, J=2.29 Hz), 8.28 (1H, d, J=8.39 Hz), 8.54 (1H, s). Data is in
accordance with the other fully characterized salt.
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Synthesis of 2-(4-(chloromethyl)phenyl)-6-nitro-1H-benzo[d]imidazole hydrogen
triflate ([3·H][OTf])

Scheme 3.7 Synthesis of compound [3·H][OTf]

3 (100mg, 0.35mmol) was dissolved with a solvent mixture of MeOH (4.4ml) and
THF (1.1ml) in 25ml one-necked round bottom flask which equipped with a magnetic
stirring-bar under ambient condition. Triflic acid (250μL, 2.5eq, 0.875mmol) was added
dropwise to the solution and stirred for 20 minutes. Evaporate all the solvent under reduced
pressure and wash the solid several times with DCM to afford the crude. Recrystallize the
crude with CH3CN and then washing the solid several times with hexane to afford the light
brown powder as pure product. TLC: Rf=0.79 (8:2:1, ethyl acetate-hexanes-methanol);
Yield: 84.3mg, 55% (reaction had only done once); 1H-NMR (500 MHz CD3CN) δ=4.76
(1H, s), 7.75 (1H, d, J=8.09 Hz), 7.97 (1H, d, J=9.43 Hz), 8.10 (1H, d, J=8.46 Hz), 8.39 (1H,
d, J=2.13 Hz), 8.41 (1H, d, J=2.13 Hz), 8.68 (1H, d, J=2.11 Hz). Data is in accordance with
the other fully characterized salt.
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Synthesis of (4-(6-amino-1H-benzo[d]imidazol-2-yl)phenyl)methanol hydrogen
tetrafluoroborate ([2·H][BF4])

Scheme 3.8 Synthesis of compound [2·H][BF4]

2 (100mg, 1eq, 0.414mmol) was dissolved in a solvent mixture of anhydrous MeOH
(5.36ml) and anhydrous THF (1.34ml) in 10ml one-necked round bottom flask which
equipped with a magnetic stirring-bar under ambient condition. Dropwise add the
tetrafluoroboric acid diethyl ether complex (126μl, 1.1eq, 0.4554mmol) to the stirred
solution at room temperature. After 20 minutes, slowly add cold Et2O (1.4ml) and stirred for
another 20 minutes. Brownish solid formed efficiently after cooling in the freezer for 1 hour.
Filtering and washing it several times with Et2O and hexane afforded the light brown powder
as pure product; TLC: Rf=0.44 (8:2:1, ethyl acetate- hexanes: methanol); Yield: 129.04mg,
95% (reaction was repeated for several times and actual yield range is 92%-95%); 1H-NMR
(500 MHz, DMSO-d6) δ=4.67 (1H, s), 7.16 (1H, d, J=7.51 Hz), 7.31 (1H, s), 7.67 (1H, d,
J=8.10 Hz), 7.70 (1H, d, J=8.74 Hz), 8.16 (1H, d, J=8.19 Hz). 13C-NMR (500 MHz, DMSOd6) δ=62.78 (1C, s), 102.95 (1C, s), 115.34 (1C, s), 118.43 (1C, s), 122.84 (1C, s), 127.74
(1C, d, J=16.20 Hz), 129.16 (1C, s), 134.37 (1C, s), 137.97 (1C, s), 148.35 (1C, s), 149.52
(1C, s). HR-MS (ESI): calc for [M+H]+, [C14H14N3O]+, m/z=240.1139, found m/z= 240.1137.
Data is in accordance with the other fully characterized salt.
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Synthesis of (4-(6-amino-1H-benzo[d]imidazol-2-yl)phenyl)methanol hydrogen
hexafluorophosphate ([2·H][PF6])

Scheme 3.9 Synthesis of compound [2·H][PF6]

2 (50mg, 0.21mmol) was dissolved with anhydrous EtOH (6.65ml) in 10ml onenecked round bottom flask which equipped with a magnetic stirring-bar under ambient
condition. Concentrated HCl (169μl, 4eq) was added dropwise to the solution and stirred for
10 minutes. Remove the solvent under pressure and then suspended the solid in 13.3ml
DCM. To the stirred mixture, slowly add 1ml saturated NH4PF6/MeOH solution and stirred
until the suspension got clear. Evaporating all the solvent and washing with DCM, H2O and
cold Et2O to afford the brown solid as pure product. TLC: Rf=0.44 (8:2:1, ethyl acetatehexanes: methanol); Yield: 32.45mg, 40% (reaction was repeated for several times and
actual yield range is 33%-40%); 1H-NMR (500 MHz, DMSO-d6) δ=4.66 (1H, s), 7.07 (1H,
s), 7.64 (1H, d, J=8.24 Hz), 7.99 (1H, s), 8.19 (1H, d, J=8.54 Hz). Data is in accordance with
the other fully characterized salt.
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Synthesis of (4-(6-amino-1H-benzo[d]imidazol-2-yl)phenyl)methanol hydrogen
trifluoroacetate ([2·H][CF3COO])

Scheme 3.10 Synthesis of compound [2·H][CF3COO]

2 (100mg, 0.414mmol) was dissolved with a solvent mixture of MeOH (5.4ml) and
THF (1.4ml) in 10ml one-necked round bottom flask which equipped with a magnetic
stirring-bar under ambient condition. Trifluoroacetic acid (126μL, 1.1eq, 0.455mmol) was
added dropwise to the solution and stirred for 20 minutes. After 20 minutes, slowly add cold
Et2O (1.4ml) and stirred for another 20 minutes. Brownish solid formed efficiently after
cooling in the freezer for 1 hour. Filtering and washing with DCM, Et2O and hexane to
afford the light brown powder as pure product; TLC: Rf=0.44 (8:2:1, ethyl acetate- hexanes:
methanol); Yield: 11.0.01mg, 75% (reaction had only done once); 1H-NMR (500 MHz,
DMSO-d6) δ=4.66 (1H, s), 6.99 (1H, d, J=8.41 Hz), 7.09 (1H, s), 7.58 (1H, d, J=8.69 Hz),
7.63 (1H, d, J=8.28 Hz), 8.14 (1H, d, J=8.31 Hz). HR-MS (ESI): calc for [M+H]+,
[C14H14N3O]+, m/z=240.1139, found m/z= 240.1137. Data is in accordance with the other
fully characterized salt.
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Synthesis of (4-(6-amino-1H-benzo[d]imidazol-2-yl)phenyl)methanol hydrogen
acetate ([2·H][CH3COO])

Scheme 3.11 Synthesis of compound [2·H][CH3COO]

1 (3g, 1eq, 11.1mmol) and Iron powder (3.09g, 5eq, 55.5mmol) was completely
dissolved in the mixed solution of EtOH (180ml) and Acetic acid (4.44ml) in 250ml flamedried two-necked round bottom flask equipped with a magnetic stirring-bar under a nitrogen
atmosphere. Heat the mixture to 70°C with reflux for 3 hours until the reaction was
determined to be complete by TLC. The mixture was passed through a pad of CeliteTM (4g)
and rinsed with methanol for several times until the filtrate get clear. The solvent was
removed under reduced pressure. No further purification was necessary and a brown powder
was isolated as pure product; Yield: 2.36g, 89% (reaction had only done once); 1H-NMR
(500 MHz, 90DMSO (d6)-10D2O) δ=4.57 (1H, s), 6.59 (1H, d, J=7.78 Hz), 6.73 (1H, s),
7.31 (1H, d, J=7.63 Hz), 7.46 (1H, d, J=7.63 Hz), 8.02 (1H, d, J=7.48 Hz), 8.24 (1H, s).
HR-MS (ESI): calc for [M+H]+, [C14H14N3O]+, m/z = 240.1137, found m/z= 240.1137. Data
is in accordance with the other fully characterized salt.
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Synthesis of (4-(6-((4-(6-nitro-1H-benzo[d]imidazol-2-yl)benzyl)amino)-1Hbenzo[d]imidazol-2-yl)phenyl)methanol (5)

Scheme 3.12 Synthesis of compound 5

3 (660mg, 1.1eq, 2.31mmol) was dissolved with degassed acetone (15ml) and
anhydrous methanol (15ml) in a 50ml flame dried two-necked round bottom flask which
equipped with a magnetic stirring-bar under nitrogen atmosphere. Sodium iodide (65mg,
0.2eq, 0.42mmol) was added and followed with anhydrous N,N-Diisopropylethylamine
(1.41ml, 2eq, 4.2mmol). The reaction mixture was stirred at room temperature for 10
minutes and [2·H][CH3COO] (500mg, 1eq, 2.1mmol) was added. The reaction was heated
to 40°C with reflux for 26 hours until the reaction was determined to be complete by TLC.
The reaction mixture was first cooled to room temperature and then evaporate solvent under
pressure. To the solid, add 50ml DCM and adjust pH to 7 with 0.2M HCl. 50ml H2O was
added and yellow powder formed efficiently. Filtering and rinsing several times with DCM,
hexane and cold Et2O until the filtrate get clear to get crude. Dissolve crude with 10ml THF
and 8ml MeOH with the help of efficient heat, 0.05ml DCM was added and bright yellow
solid was formed overtime. The solution was further cooled to -20°C to help form more
solid. After 1 hour, the bright yellow powder was filtered and rinsed with cold DCM to
afford pure product. The filtrate was concentrated and repeated to afford purer product. TLC:
Rf=0.375 (8:2, ethyl acetate-methanol); Yield: 679.86mg, 40% (reaction was repeated for
several times and actual yield range is 44%-60%); 1H-NMR (500 MHz, DMSO-d6, sonicated
for 10 minutes) δ=4.50 (1H, s), 4.60 (1H, s), 5.37 (1H, s), 6.61 (1H, s), 6.84 (1H, d, J=8.62
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Hz), 7.45 (1H, d, J=8.78 Hz), 7.52 (1H, d, J=8.05 Hz), 7.67 (1H, d, J=7.97 Hz), 7.80 (1H, s),
8.06 (1H, d, J=8.22 Hz), 8.17 (1H, d, J=10.41 Hz), 8.24 (1H, d, J=8.17 Hz), 8.51 (1H, s);
C-NMR (500 MHz, DMSO-d6) δ=47.81 (1C, s), 63.53 (1C, s), 94.07 (1C, s), 115.02 (1C,

13

s), 116.44 (1C, s), 119.18 (1C, s), 124.80 (1C, t, J=24.98 Hz), 127.75 (1C, s), 128.28 (1C, d,
J=11.81 Hz), 128.72 (1C, s), 128.98 (1C, s), 136.15 (1C, s), 137.51 (1C, t, J=24.98 Hz),
143.85 (1C, s), 144.45 (1C, s), 147.53 (1C, s), 148.10 (1C, d, J=23.61 Hz), 149.88 (1C, t,
J=27.25 Hz). HR-MS (ASAP): calc for [M+H]+, [C28H23N6O3]+, m/z= 491.1832, found
m/z=491.1828.
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Synthesis of (4-(6-((4-(6-nitro-1H-benzo[d]imidazol-2-yl)benzyl)amino)-1Hbenzo[d]imidazol-2-yl)phenyl)methanol hydrogen hexafluorophosphate ([5·H][PF6])

Scheme 3.13 Synthesis of [5·H][PF6]

5 (100mg, 0.2mmol) was dissolved with anhydrous THF (8ml) in 50ml one-necked
round bottom flask which equipped with a magnetic stirring-bar under ambient condition.
2M HCl/Et2O (15ml, 4eq, 0.8mmol) was added dropwise to the solution and stirred for 20
minutes. Solid crushed out efficiently and collected by filtering. The solid was washed with
cold Et2O and hexane and dried under pressure for 20 minutes. The resulted solid was again
dissolved with 2ml methanol and followed with NH4PF6 (9mg, 8eq, 1.6mmol). To the stirred
mixture, slowly add 3ml H2O and keep stirring for another 20 minutes. Brown solid crushed
out efficiently overtime and collected by filtering. Washed exclusively with H2O to afford
pure product. TLC: Rf=0.375 (8:2, ethyl acetate-methanol); Yield: 53.52mg, 45% (reaction
had only done once); 1H-NMR (500 MHz, DMSO-d6) δ=4.51 (1H, s), 4.61 (1H, s), 5.00
(1H, s), 5.38 (1H, s), 6.61 (1H, s), 6.88 (1H, s), 7.48 (1H, d, J=9.43 Hz), 7.55 (1H, d, J=7.86
Hz), 7.61 (1H, d, J=8.23 Hz), 7.66 (1H, d, J=8.08 Hz), 7.99 (1H, s), 8.05 (1H, d, J=8.23 Hz),
8.17 (1H, s), 8.24 (1H, t, J=7.85 Hz), 8.40 (1H, s), 8.57 (1H, s). HR-MS (ESI): calc for
[M+2H]2+, [C28H24N6O3]2+, m/z= 246.0955, found m/z=246.0954.
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Synthesis of (4-(6-((4-(6-nitro-1H-benzo[d]imidazol-2-yl)benzyl)amino)-1Hbenzo[d]imidazol-2-yl)phenyl)methanol hydrogen tetrafluoroborate ([5·H][BF4])

Scheme 3.14 Synthesis of compound [5·H][BF4]

3 (643mg, 1.1eq, 2.24mmol) was dissolved with degassed acetone (14.7ml) and
anhydrous methanol (14.7ml) in a 100ml flame dried two-necked round bottom flask which
equipped with a magnetic stirring-bar under nitrogen atmosphere. [2·H][BF4] (500mg, 1eq,
2.1mmol) and sodium iodide (61mg, 0.2eq, 0.408mmol) was added and followed with
anhydrous N,N-Diisopropylethylamine (0.621ml, 1.5eq, 3.06mmol). The reaction was heated
to 40°C with reflux for 26 hours until the reaction was determined to be complete by TLC.
The reaction mixture was first cooled to room temperature and then evaporate solvent under
pressure. To the solid, add 60ml DCM and adjust pH to 7 with 0.2M HCl. 60ml H2O was
added and yellow powder formed efficiently. Filter solid and rinse several times with DCM,
hexane and cold Et2O until the filtrate get clear. No further purification was necessary and a
dark yellow powder was isolated and used for next step. Crude (40mg, 1eq, 0.069mmol) was
dissolved in HPLC grade CH3CN (11ml) in flame dried 25ml one-necked round bottom flask
which equipped with a magnetic stirring-bar under nitrogen atmosphere. Dropwise add the
tetrafluoroboric acid diethyl ether complex (40μL, 3eq, 2.07mmol) to the stirred solution at
room temperature. After 1 hour, slowly add cold Et2O (30ml) until no more solid formed.
Dark yellow solid was filtered and washed several times with cold Et2O and hexane. No
further purification was necessary and a yellow powder was isolated as pure product; TLC:
Rf=0.375 (8:2, ethyl acetate-methanol); Yield: 49.42mg, 95% (reaction was repeated for
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several times and actual yield range is 92%-95%); 1H-NMR (500 MHz, DMSO-d6) δ=4.62
(1H, s), 5.08 (1H, s), 6.79 (1H, s), 7.09 (1H, d, J=6.84 Hz), 7.61 (1H, d, J=7.49 Hz), 7.80
(1H, s), 8.04 (1H, d, J=8.22 Hz), 8.17 (1H, d, J=9.51 Hz), 8.26 (1H, d, J=7.82 Hz), 8.51 (1H,
s). HR-MS (ESI): calc for [M+2H]2+, [C28H24N6O3]2+, m/z= 246.0955, found m/z=246.0951.
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Synthesis of (4-(6-((4-(6-nitro-1H-benzo[d]imidazol-2-yl)benzyl)amino)-1Hbenzo[d]imidazol-2-yl)phenyl)methanol tris(hydrogen tetrafluoroborate)
([5·3H][3BF4])

Scheme 3.15 Synthesis of compound [5·3H][3BF4]

5 (33.9mg, 1eq, 0.69mmol) was dissolved in HPLC grade CH3CN (11ml) in flame
dried 25ml one-necked round bottom flask which equipped with a magnetic stirring-bar
under nitrogen atmosphere. Dropwise add the tetrafluoroboric acid diethyl ether complex
(94μL, 7eq, 4.83mmol) to the stirred solution at room temperature. After 1 hour, slowly add
cold Et2O (30ml) until no more solid formed. Dark yellow solid was filtered and washed
several times with cold Et2O and hexane. Prep-TLC (0.5mm thickness) plate was used for
purification. The crude was dissolved with 5ml MeOH and 4ml THF and applied on the
baseline. The mobile phase was 7:3 (ehyl acetate-hexane) and the plate was developed in the
same mobile phase for three times. The baseline was collected as pure product. Dark yellow
solid; TLC: Rf=0.375 (8:2, ethyl acetate-methanol); Yield: 58.1mg, 95% (reaction was
repeated for several times and actual yield range is 87%-95%); 1H-NMR (500 MHz, DMSOd6) δ=4.60 (1H, s), 5.02 (1H, s), 5.36 (1H, s), 6.68 (1H, s), 6.79 (1H, s), 6.91 (1H, s), 6.98
(1H, s), 7.53 (1H, d, J=7.17 Hz), 7.61 (1H, d, J=8.09 Hz), 7.77 (1H, s), 8.04 (1H, d, J=8.24
Hz), 8.18 (1H, d, J=10.22 Hz), 8.25 (1H, d, J=8.24 Hz), 8.57 (1H, s), 13.60 (1H, s). HR-MS
(ESI): calc for [M+2H]2+, [C28H24N6O3]2+, m/z= 246.0955, found m/z=246.0963.
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Synthesis of [3·H·DB24C8][BF4]

Scheme 3.16 Synthesis of compound [3·H·DB24C8][BF4]

5a (8mg, 1eq, 0.035mmol) and DB24C8 (15.6mg, 1eq, 0.035mmol) was mixed and
dissolved with dry CHCl3 (1.7ml) in a flame dried ACE Pressure Tube which equipped with
a magnetic stirring-bar under nitrogen atmosphere. After 3 weeks stirring, the solvent was
removed by reduced pressure. To the solid, washed with DCM and ethyl acetate to get rid of
extra DB24C8. Prep-TLC (0.3-0.4mm thickness) plate was used for purification. The crude
was dissolved with 2ml MeOH and 2ml THF and applied on the baseline. The mobile phase
was 7:3 (ethyl acetate-hexane) and the plate was developed in the same mobile phase for
three times. TLC: Rf=0.79 (8:2:1, ethyl acetate-hexanes-methanol); Yield: 2mg, 8% (reaction
had only done once); 1H-NMR (500 MHz, DMSO-d6) δ=4.06 (1H, t, J=4.60 Hz), 4.86 (1H,
s), 6.92 (1H, md, J=3.34, 29.22 Hz), 7.67 (1H, d, J=8.24 Hz), 7.79 (1H, d, J=9.12 Hz), 7.95
(1H, s), 8.15 (1H, d, J=2.44 Hz), 8.17 (1H, d, J=2.14 Hz), 8.22 (1H, d, J=9.10 Hz), 8.52 (1H,
d, J=2.29 Hz); HR-MS (ESI): calc for C38H43ClN3O10, m/z= 738.2301, found m/z=738.2631.
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Synthesis of [5·2H·DB24C8][2BF4] by snapping approach

Scheme 3.17 Synthesis of compound [5·2H·DB24C8][2BF4]

Trail 1:
[3·H][BF4](3.4mg, 1eq, 0.014mmol) and DB24C8 (6.2mg, 1eq, 0.014mmol) was
mixed and dissolved with degassed Nitromethane (0.54ml) and H2O (0.13ml) in a 10ml
flame dried ACE Pressure Tube which equipped with a magnetic stirring-bar under nitrogen
atmosphere at 65°C for 1 hour. Sodium iodide (1.5mg, 0.2eq, 0.0084mmol) and [2·H][BF4]
(4mg, 1eq, 0.014mmol) was added and heated to 80°C for 26h until the reaction was
determined to be complete by TLC. Bright yellow solid was crushed out efficiently. The
reaction mixture was first cooled to room temperature and then the solid was filtered. To the
solid, washed with DCM and ethyl acetate to get rid of extra DB24C8. No further
purification was necessary and a dark yellow powder was isolated as pure product; TLC:
Rf=0.375 (8:2, ethyl acetate-methanol); Yield: 1mg, 4% (reaction had only done once); 1HNMR (500 MHz, 9DMSO (d6)-1D2O) δ=3.69 (1H, s), 3.78 (1H, s), 4.08 (1H, s), 4.53 (1H,
s), 4.62 (1H, d, J=9.69 Hz), 4.89 (1H, s), 5.04 (1H, s), 6.65 (1H, s), 6.82 (1H, s), 6.94 (1H,
td, J=4.67, 35.13 Hz), 7.07 (1H, d, J=9.23 Hz), 7.55 (1H, s), 7.58 (1H, d, J=6.10 Hz), 7.61
(1H, d, J=8.01 Hz), 7.66 (1H, d, J=8.16 Hz), 7.70 (1H, d, J=7.86 Hz), 7.80 (1H, d, J=8.47
Hz), 8.04 (1H, d, J=8.01 Hz), 8.18 (1H, d, J=8.77 Hz), 8.21 (1H, s), 8.24 (1H, d, J=8.09 Hz),
8.51 (1H, s).
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Trial 2:
[3·H][BF4] (8mg, 1eq, 0.035mmol) and DB24C8 (78mg, 5eq, 0.175mmol) was
mixed and dissolved with degassed Nitromethane (1.3ml) and H2O (0.4ml) in a 10ml flame
dried ACE Pressure Tube which equipped with a magnetic stirring-bar under nitrogen
atmosphere at 65°C for 1 hour. Sodium iodide (61mg, 0.2eq, 0.408mmol) and [2·H][BF4]
(10mg, 1eq, 0.035mmol) was added and heated to 80°C for 26h until the reaction was
determined to be complete by TLC. Bright yellow solid was crushed out efficiently. The
reaction mixture was first cooled to room temperature and then the solid was filtered. To the
solid, washed with DCM and ethyl acetate to get rid of extra DB24C8. No further
purification was necessary and a dark yellow powder was isolated as pure product; TLC:
Rf=0.375 (8:2, ethyl acetate-methanol); Yield: 8.2mg, 15% (reaction had only done once);
1

H-NMR (500 MHz, 90DMSO (d6):10D2O) δ=3.67 (1H, s), 3.77 (1H, t, J=4.20 Hz), 4.07

(1H, t, J=4.20 Hz), 4.61 (1H, s), 5.04 (1H, s), 6.85 (1H, s), 6.93 (1H, md, J=3.32, 28.84 Hz),
7.12 (1H, d, J=9.16 Hz), 7.60 (1H, d, J=8.17 Hz), 7.80 (1H, d, J=8.90 Hz), 8.01 (1H, d,
J=8.23 Hz), 8.18 (1H, dd, J=2.12, 8.90 Hz), 8.21 (1H, d, J=8.22 Hz), 8.52 (1H, d, J=2.48
Hz).
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Synthesis of tert-butyl (2-(4-(hydroxymethyl)phenyl)-1H-benzo[d]imidazol-5yl)carbamate (6)

Scheme 3.18 Synthesis of compound 6

Method (1)
2 (100mg, 1eq, 0.416mmol) was dissolved in anhydrous THF (4ml) in flame dried
25ml two-necked round bottom flask which equipped with a magnetic stirring-bar under
nitrogen atmosphere. Di-tert-butyl dicarbonate (273mg, 3eq, 1.248mmol) was added and
followed with 4-Dimethylaminopyridine (5.1mg, 0.1eq, 0.0416mmol). The reaction mixture
was stirred at 65°C for 3 hours with reflux. A new non-polar spot was formed after 1 hour
but do not have further progress after another 2 hours. The reaction was gradually cooled
down to room temperature and anhydrous methanol (4ml) and Potassium carbonate
(172.5mg, 3eq, 1.248mmol) was added. Side products formed rapidly, only 10% starting
material was consumed to product. Partially evaporate solvent under reduced pressure. A
standard work-up procedure was finished with ethyl acetate and dichloromethane to get
crude. The crude product was purified via column chromatography eluting hexanes/ethyl
acetate (9:1 v/v) to yield a pale-yellow crystal; Yield: 7.07mg, 5% (reaction had only done
once).
Method (2)
2 (500mg, 1eq, 2.08mmol) and Sodium iodide (467mg, 1.5eq, 3.12mmol) was mixed
and dissolved with anhydrous THF (5ml) and anhydrous ethanol (1ml) in flame dried 25ml
one-necked round bottom flask which equipped with a magnetic stirring-bar under nitrogen
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atmosphere. Dilute the Di-tert-butyl dicarbonate (545.8mg, 1.2eq, 2.496mmol) in another
10ml flame dried one-necked round bottom flask and added dropwise to the reaction
mixture. The reaction was stirred at room temperature for 4 hours until the reaction was
determined to be complete by TLC. (High temperature would lead to the formation of side
products.) Ethyl acetate (100ml) was added and followed with 5% Sodium thiosulfate in H2O
(75ml). Organic phase was separated from aqueous phase and again extracted with saturate
Sodium bicarbonate solution. The combined organic phase was dried with anhydrous
magnesium sulphate, filtrated and concentrated with reduced pressure. The crude product
was purified via column chromatography eluting hexanes/ethyl acetate (9:1 v/v) to yield a
pale-yellow crystal; Yield: 388.00mg, 55% (reaction was repeated for several times and
actual yield range is 53%-55%).
Method (3)
2 (100mg, 1eq, 0.416mmol) was dissolved with anhydrous THF (0.4ml) in flame
dried 25ml two-necked round bottom flask which equipped with a magnetic stirring-bar
under nitrogen atmosphere. Potassium bis(trimethylsilyl)amide (166mg, 2eq, 0.832mmol)
was dissolved in anhydrous THF (0.8ml) in flame dried 5ml one-necked round bottom flask
and added to reaction mixture. Meanwhile, dilute Di-tert-butyl dicarbonate (81.9mg, 0.9eq,
0.3744mmol) with anhydrous THF (1ml) in another 5ml one-necked round bottom flask and
dropwise added to the stirred reaction. The mixture was heated to 45°C for 20 hours until the
reaction do not have any progress by TLC. The solvent was removed via reducing pressure
and followed with 0.1M HCl in H2O (9.5ml) and ethyl acetate (3.8ml). Treated the aqueous
phase again with saturated Sodium bicarbonate solution (1ml) and extracted again with ethyl
acetate. The combined organic phase was dried with anhydrous magnesium sulphate,
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filtrated and concentrated with reduced pressure. The crude product was purified via column
chromatography eluting hexanes/ethyl acetate (9:1 v/v) to yield a pale-yellow crystal; Yield:
28.238mg, 20% (reaction had only done once).
TLC: Rf=0.565, 0.510 (8:2:1, ethyl acetate-hexanes-methanol); 1H-NMR (500 MHz,
DMSO-d6) δ=1.56 (1H, s), 4.63 (1H, s), 5.35 (1H, s), 7.25 (1H, d, J=8.28 Hz), 7.31 (1H, s),
7.52 (1H, d, J=8.23 Hz), 7.55 (1H, s), 7.85 (1H, s), 8.12 (1H, d, J=6.94 Hz), 9.28 (1H, s),
9.41 (1H, s), 12.70 (1H, s), 12.80 (1H, s). HR-MS (ESI): calc for [M+H]+, [C19H22N3O3]+,
m/z= 340.1661, found m/z=340.1653.
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Synthesis of tert-butyl (2-(4-((((4-nitrophenoxy)carbonyl)oxy)methyl)phenyl)-1Hbenzo[d]imidazol-5-yl)carbamate (7)

Scheme 3.19 Synthesis of compound 7

6 (200mg, 1eq, 0.59mmol) was dissolved in anhydrous dichloromethane (11.6ml) in
a flame dried 50ml one-necked round bottom flask which equipped with a magnetic stirringbar under nitrogen atmosphere at -10°C. The pyridine (0.08ml, 2eq, 1.18mmol) was added.
In another 10ml flame dried round bottom flask, (4-Nitrophenoxy)carbonyl chloride (238mg,
2eq, 1.18mmol) and 4-Dimethylaminopyridine (7.2mg, 0.1eq, 0.059mmol) were mixed and
dissolved with anhydrous dichloromethane (8ml). Dropwise transfer the 6 solution to the
second solution. The reaction mixture was stirred at room temperature for 4 hours until the
reaction was determined to be complete by TLC. Dichloromethane (60ml) was added to stop
the reaction and 0.2M HCl was used for adjusting the pH to 7. Meanwhile, white solid was
crushing out effectively. The solid was separated via filtering and washed with DCM, ethyl
acetate and hexane. No further purification was necessary and a pale yellow powder was
isolated as pure product; TLC: Rf=0.73 (8:2:1, ethyl acetate-hexanes-methanol);

Yield:

178.593mg, 60% (reaction was repeated for several times and actual yield range is 53%60%); 1H-NMR (500 MHz, DMSO-d6) δ=2.54 (1H, s), 5.48 (1H, s), 7.53 (1H, d, J=8.29
Hz), 7.65 (1H, t, J=4.58 Hz), 7.72 (1H, d, J=9.00 Hz), 7.80 (1H, d, J=8.21 Hz), 8.10 (1H, s),
8.37 (1H, d, J=9.16 Hz), 9.73 (1H, s); 13C-NMR (500 MHz, DMSO-d6) 29.05 (1C, s),
70.43 (1C, s), 80.36 (1C, s), 123.57 (1C, s), 126.38 (1C, s), 128.65 (1C, s), 129.89 (1C, s),
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146.17 (1C, s), 152.85 (1C, s), 153.78 (1C, s), 156.17 (1C, s). HR-MS (ESI): calc for
[M+H]+, [C26H26N4O7]+, m/z= 505.1723, found m/z=505.1718.
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Synthesis of [oligomer-1][CF3COO]

Scheme 3.20 Synthesis of compound [oligomer-1][CF3COO]

Equip a flame dried 25ml three-neck round bottom flask with condenser and stirred
bar. Cool it down to -70℃ and fellow with the addition of phosgene (1.478ml, 1.2eq,
2.07mmol). 2 (500mg, 1eq, 1.728mmol) was dissolved in anhydrous THF (6.2ml) and TFA
(144µl, 2eq) in a flame dried 10ml one-necked round bottom flask which equipped with a
magnetic stirring-bar under nitrogen atmosphere. Carefully add the SM solution to the threeneck round bottom flask within 10 minutes period. The reaction mixture was stirring at 50℃ for another 3 hours until the until the reaction was determined to be complete by TLC.
Quench excessed phosgene with an outlet needle to 6M NaOH solution for another one hour.
Evaporate all the solvent under reduced pressure to afford crude. (Avoid to use any methanol
during between since it will turn all the product to side product.) The crude (700mg) was
dissolved with 12ml DMF/H2O 50/50 v/v% solution and transferred into a regenerated
cellulose membrane (100-500Da MWCO) and dialyzed against 1200 ml H2O for 24 hours
(refresh H2O every 12 hours). Evaporate all the solvent under reduced pressure to afford
[O1][CF3COO] as brown solid. Yield: 1.14g, 40% (reaction had only done once, the yield
calculation of oligomer/polymer was accomplished by deducting the mass of end-cap and
then calculate the mass/mass yield); 1H NMR (500 MHz, DMSO-d6) δ=3.19 (1H, s), 3.36
(1H, s), 3.63 (1H, s), 4.12 (1H, s), 7.14 (1H, s), 7.50 (1H, s). GPC: Mw=1.650kDa.
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Synthesis of [oligomer-2][TsO]

Scheme 3.21 Synthesis of compound [oligomer-2][TsO]

Equip a flame dried 25ml three-neck round bottom flask with condenser and stirred
bar. Cool it down to -70℃ and fellow with the addition of phosgene (0.4ml, 1.2eq,
0.5mmol). 2 (100mg, 1eq, 0.418mmol) was dissolved in anhydrous THF (6.2ml) and TsOH
(159mg, 2eq, 0.836mmol) in a flame dried 10ml one-necked round bottom flask which
equipped with a magnetic stirring-bar under nitrogen atmosphere. Carefully add the SM
solution to the three-neck round bottom flask within 10 minutes period. The reaction mixture
was stirring at -50℃ for another 3 hours until the reaction was determined to be complete by
TLC. Quench excessed phosgene with an outlet needle to 6M NaOH solution for another one
hour. Evaporate all the solvent under reduced pressure to afford crude. (Avoid to use any
methanol during between since it will turn all the product to side product.) The crude
(600mg) was dissolved with 8ml DMF/H2O 50/50 v/v% solution and transferred into a
regenerated cellulose membrane (100-500Da MWCO) and dialyzed against 800 ml H2O for
24 hours (refresh every 12 hours). Evaporate all the solvent under reduced pressure to afford
[O2][TsO] as brown solid. Yield: 470mg, 68% (reaction had only done once); 1H NMR (500
MHz, DMSO-d6) δ=3.32 (1H, q, J=5.41 Hz), 3.40 (1H, q, J=5.33 Hz), 3.46 (1H, m, J=5.34
Hz), 4.42 (1H, s), 7.16 (1H, s), 7.51 (1H, s), 8.17 (1H, s). GPC: Mw=1.494kDa.
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Synthesis of polymer-1

Scheme 3.22 Synthesis of compound polymer-1.

7 (25mg, 1eq, 0.0496mmol) was dissolved in anhydrous TFA (0.2ml) and DCM
(0.1ml) in a flame dried 5ml one-necked round bottom flask which equipped with a magnetic
stirring-bar under nitrogen atmosphere. After stirring for one hour, bubble through the
nitrogen for 30 minutes until all the solvent got evaporated. To the resulted solid, add DMF
(0.2ml) followed with N,N-Diisopropylethylamine (21µl, 2.5eq, 0.124mmol) and 7 (2.5mg,
0.1eq, 0.00496mmol). Stirred at room temperature for 3 hours until the reaction was
determined to be complete by TLC. Evaporate all the solvent under reduced pressure to
afford crude. The crude (80mg) was dissolved with 6ml DMF/H2O 10/90 v/v% solution and
transferred into a regenerated cellulose membrane (500-1000Da MWCO) and dialyzed
against 600 ml H2O for 24 hours (change every 12 hours). Evaporate all the solvent under
reduced pressure to afford P2 as brown solid. Yield: 15mg, 63% (reaction had only done
once); 1H NMR (500 MHz, DMSO-d6) δ=4.42 (1H, s), 5.29 (1H, s), 6.68 (1H, s), 6.91 (1H,
s), 7.53 (1H, s), 7.59 (1H, s), 7.99 (1H, s), 8.15 (1H, s).
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GPC: Mw=4.505kDa.

Synthesis of polymer-2

Scheme 3.23 Synthesis of compound polymer-2.

7 (25mg, 1eq, 0.0496mmol) was dissolved in anhydrous TFA (0.2ml) and DCM (0.1ml)
in a flame dried 5ml one-necked round bottom flask which equipped with a magnetic stirringbar under nitrogen atmosphere. After stirring for one hour, bubble through the nitrogen for 30
minutes until all the solvent got evaporated.

To the resulted solid, add DMF (0.15ml)

followed with N,N-Diisopropylethylamine (21µl, 2.5eq, 0.124mmol) and 7 (0.25mg, 0.01eq,
0.000496mmol). Stirred at room temperature for 3 hours until the reaction was determined to
be complete by TLC. Evaporate all the solvent under reduced pressure to afford crude. The
crude (44mg) was dissolved with 5ml DMF/H2O 30/70 v/v% solution and transferred into a
regenerated cellulose membrane (500-1000Da MWCO) and dialyzed against 500 ml H2O for
24 hours (change every 12 hours). Evaporate all the solvent under reduced pressure to afford
P3 as brown solid. Yield: 7mg, 29% (reaction had only done once); 1H NMR (500 MHz,
DMSO-d6) δ=4.50 (1H, s), 4.63 (1H, s), 5.31 (1H, s), 5.97 (1H, s), 7.62 (1H, s), 8.17 (1H, t,
J=48.60 Hz), 9.29 (1H, s). GPC: Mw=371.1kDa.

135

Synthesis of 5-nitrobenzo[c][1,2,5]thiadiazole (8)

Scheme 3.24 Synthesis of compound 8

The 4-Nitro-1,2-benzenediamine (30g, 1eq, 0.195mol) was mixed with Thionyl
chloride (130ml, 10eq, 1.95mol) in a flame dried 500ml two-necked round bottom flask
which equipped with a magnetic stirring-bar under nitrogen atmosphere. Anhydrous pyridine
(3ml, 0.2eq, 39mmol) was added dropwise to the solution and heated to 90°C for 2 hours
until the reaction was determined to be complete by TLC. The excess thionyl chloride was
evaporated under reduced pressure with the quenching of bleach. To the resulted solid, H2O
(200ml) was added and mixed with the help of magnetic stirring-bar for 20min. Filtered the
solid and washed several times with H2O until the filtrate get clear. No further purification
was necessary and a brown powder was isolated as pure product; TLC: Rf=0.72, (1:1, ethyl
acetate-hexanes); Yield: 34g, 96% (reaction was repeated for several times and actual yield
range is 92%-96%); Values are in accordance with literature121.
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Synthesis of benzo[c][1,2,5]thiadiazol-5-amine (9)

Scheme 3.25 Synthesis of compound 9

The 1000ml two-necked round bottom flask which equipped with a magnetic stirringbar was charged with ethanol (304.7ml), iron powder (54.7g, 5eq, 979mmol) was added in
portion and followed with concentrated HCl (2.83ml, 0.5eq, 97.9mmol). The suspension was
stirred at 65°C for 2 hours and then cooled to 55°C over a period of 10 minutes with reflux.
25% ammonium chloride (154.48ml) was added and followed with 8 (35.44g, 1eq,
195.8mmol) in small portion over 30 minutes at 75°C. The reaction was stirred for another 3
hours until the reaction was determined to be complete by TLC. The reaction was cooled to
40°C and ethanol (389.8ml) plus CeliteTM (77.9g) was added and stirred for another 10
minutes. The reaction mixture was filtered and the filter cake was washed with ethanol and
ethyl acetate. The filtrate was concentrated under reduced pressure. To the resulted solid,
saturated sodium bicarbonate (194.92ml) was added and followed with ethyl acetate
(200ml). The mixture was stirred at room temperature for 20 minutes and the organic layer
was separated. The organic layer was washed again with brine, dried over MgSO4 and
concentrated under reduced pressure to afford a dark brown solid as crude. The crude
product was purified via column chromatography eluting hexanes/ethyl acetate (7:3 v/v) to
yield a brown solid; TLC: Rf=0.577, (1:1, ethyl acetate-hexanes); Yield: 26.607g, 90%
(reaction was repeated for several times and actual yield range is 78%-90%). Values are in
accordance with literature121.
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Synthesis of 4,7-dibromobenzo[c][1,2,5]thiadiazol-5-amine (10)

Scheme 3.26 Synthesis of compound 10

9 (2g, 1eq, 0.013mol) was added to a flame dried 50ml three-neck round bottom flask
which equipped with a magnetic stirring-bar and condenser. 48% HBr (3.5ml) was added
slowly to the starting material and heated to 100°C with reflux for 30 minutes. Cover the
whole reactor with foil and then slowly added Br2 (4ml). Meanwhile quenched the extra Br2
was quenched with saturated sodium thiosulfate. The reaction was stirred at 95-100°C for
another 3-4 hours until the reaction was determined to be complete by TLC. At dark
circumstance, the reaction was stopped by adding saturated Sodium thiosulfate solution
(30ml). The reaction mixture was extracted with diethyl ether and the collected organic
phase was washed with brine, dried over MgSO4 and concentrated under reduced pressure to
afford a bright yellow solid as crude. The crude product was purified via column
chromatography eluting hexanes/ethyl acetate (8:2 v/v) to yield a brown solid; TLC:
Rf=0.46, (3:7, ethyl acetate-hexanes); Yield: 1.687g, 42% (reaction was repeated for several
times and actual yield range is 33%-42%). 1H NMR (300 MHz, CDCl3) δ=5.10 (1H, s), 8.18
(1H, s). 13C NMR (300 MHz, CDCl3) 92.12 (1C, s), 118.69 (1C, s), 123.78 (1C, s), 142.72
(1C, s), 148.75 (1C, s), 153.68 (1C, s). HR-MS (ASAP): calc for [M+H] +, [C6H3Br2N3] +,
m/z= 309.8472, found m/z=309.8477.
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Synthesis of 4,7-bis(4-methoxyphenyl)benzo[c][1,2,5]thiadiazol-5-amine (11)

Scheme 3.27 Synthesis of compound 11

10 (1g, 1eq, 3.23mmol) ,4-methoxybenzenboronic acid (1.08g, 2.2eq, 7.1mmol) and
Tetrakis(triphenylphosphine)palladium(0) (0.4g, 0.1eq, 0.323mmol) was mixed in a 50ml
flame dried ACE Pressure Tube which equipped with a magnetic stirring-bar and fully
covered with foil. The mixed solid was dissolved with anhydrous THF (9.6ml). While the
reaction mixture was stirring, dissolved sodium carbonate (1.03g, 3eq, 9.69mmol) with H2O
(4.8ml) in a 10ml one-necked round bottom flask and degassed the solution for 20 minutes.
The fresh and degassed solution was added and the reaction mixture was stirred at 80°C for
26 hours until the reaction was determined to be complete by TLC. The reaction mixture was
passed through a pad of CeliteTM (1.5g) and washed the filter cake several times with diethyl
ether and ethyl acetate for several times until the filtrate get clear. The collected organic
layer was washed with brine, further dried over MgSO4 and concentrated under reduced
pressure to afford a brown solid as crude. The crude product was purified via column
chromatography eluting which start with hexanes/ethyl acetate (9.5:0.5 v/v) to collect the
first three biproducts and followed with hexanes/ethyl acetate (8:2 v/v) to yield a bright
yellow solid; TLC: Rf=0.52, (2:8, ethyl acetate-hexanes); Yield: 0.8g, 68% (The reaction is
139

sensitive to scale and 1g scale is the maximum for best yield, reaction was repeated for
several times and actual yield range is 40%-68%. HR-MS (ASAP): calc for [M+H]+,
[C20H19N3O2S]+, m/z= 364.1120, found m/z=364.1117.
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